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ABSTRACT:

To examine the possibility for drug metabolism polymorphism,
adult human flavin-containing monooxygenases (form 3) (EC
1.14.13.8) that differ at one amino acid were expressed in Esche-
richia coli as maltose binding protein fusions. The cDNA that was
first reported during the cloning of adult human flavin-containing
monooxygenase was designated the wild type lys'®® enzyme. A
second cDNA has been identified as a common polymorphism in
some human populations and was designated the glu'®® enzyme.
The cDNA that encodes both enzymes was subcloned into a high
yield protein fusion expression system, expressed, and the protein
was partially purified by affinity chromatography and characterized
for enzyme activity with selective functional substrate probes. N-
and S-oxygenation activity of both enzymes was determined with
10-(N,N-dimethylaminopentyl)-2-(trifluoromethyl)phenothiazine
and methyl p-tolyl sulfide, respectively. It was found that expres-
sion of both lys'®® and glu'®® enzymes of the human flavin-contain-
ing monooxygenase form 3 as fusions with the maltose binding
protein resulted in an enzyme that was soluble and greatly stabi-
lized and had a reduced requirement for detergent during enzyme

purification and during the assay for activity. Expression of the
fusion proteins has allowed the preparation of stable and highly
active enzyme at greater purity than was readily possible in the
past. With the exception of the stability and solubility characteris-
tics, the physical and chemical properties of lys'®® and glu's®
maltose binding fusion proteins of human flavin-containing mono-
oxygenase form 3 variants resembled that of flavin-containing
monooxygenase enzyme activity associated with human liver mi-
crosomes and enzyme isolated from a previous Escherichia coli
expression system that lacked the protein fusion. Comparison of
the catalytic activity of the two fusion proteins showed that while
both forms were active, there were differences in their substrate
specificities. Expression of the adult human flavin-containing
monooxygenase form 3 as a maltose binding protein has allowed
considerable advances over the previously reported cDNA-ex-
pressed enzyme systems and may provide the basis for examining
the role of the flavin-containing monooxygenase in human xeno-
biotic or drug metabolism.

The flavin-containing monooxygenase (FMO) consists of a familgetoxication of nucleophilic heteroatom-containing dietary, endoge-v»
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of enzymes involved in the metabolism of drugs and endogenomsus or xenobiotic chemicals to produce polar, oxygenated metabo>
chemicals (1, 2). In humans, the flavin-containing monooxygenaktes that are readily excreted (16).
Human FMO3 is apparently responsible for the conversion ofg
containing monooxygenase expressed in adult human liver (3, #)methylamine (TMA) to trimethylamin&l-oxide (TMANO) in nor-

form 3 (FMO3} (EC 1.14.13.8), is the predominant form of flavin-
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cDNA-expressed human FMO3 (5-7) and human liver microsomaial individuals (17, 18), although this has never been directly dem-
FMOS3 (8—-15) have been observedtoandS-oxygenate nucleophilic onstrated with substantially pure human FMO3 (1). Human subject
nitrogen- and sulfur-containing drugs and chemicals, respectivelhat do not convert at least 65% of an administered dose of TMA to
The physiological role of human FMO3 in hepatic metabolism is ndtMANO suffer from trimethylaminuria (17, 19-21). Trimethylamin-
clear, but it has been suggested that human FMO3 participates in tii@ patients excrete relatively large amounts of TMA in their urine,
sweat, and breath and exhibit a fishy odor characteristic of TMA, and
this is why the patients have been designated as having the “fish-odor”
syndrome (17-22). Evidence has been presented that the parents of
affected individuals had impaired ability té-oxygenate amine sub-
strates including nicotine, nicotinamide, guanethidine, and metyrap-
one (17, 23). Although Prader-Willi syndrome has been postulated to
be associated with trimethylaminuria (24), Prader-Willi syndrome is
known to be associated with a deletion of a normal allele located in
THF, tetrahydrofuran; TLC, thin layer chromatography; SDS PAGE, sodium do-  the 15q11-q13 region of the chromosome (24), and this location is
decylsulfate polyacrylamide gel electrophoresis; PEG 8000, polyethylene glycol  distinct from the position observed for human FMO genes ¢hro-
8000. mosome 1) (25) that has been postulated to lead to the expression of
This work was financially supported by a grant from NIH (GM 36426) a recessive gene for defective human FMO. While a defective human
FMO has been postulated to be responsible for trimethylaminuria, to
date the functional consequence for a mutant human FMO has not
been reported.
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1 Abbreviations used are: TMA, trimethylamine; TMANO, trimethylamine N-
oxide; 5-DPT, 10-(N,N-dimethylaminopentyl)-2-(trifluoromethyl)phenothiazine;
5-DPTNO, 10-(N,N-dimethylaminopentyl)-2-(trifluoromethyl)phenothiazine N-ox-
ide; MTS, methyl p-tolyl sulfide; MTSO, methyl p-tolyl sulfoxide; HFMO3, human
flavin-containing monooxygenase (form 3); IPTG, isopropyl-B-D-thiogalactopyr-
anoside; PMSF, phenylmethylsulfonylfluoride; DETAPAC, diethylenetriaminepen-
taacetic acid; MBP, maltose binding protein; PCR, polymerase chain reaction;
HPLC, high performance liquid chromatography; DCC, dicyclohexylcarbodiimide;

Send reprint requests to: Dr. John Cashman, Seattle Biomedical Research
Institute, 4 Nickerson Street, Suite 200, Seattle, WA 98109-1651.
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Recently, selective functional probe substrates have been useddoe in a way that allowed the fusion of human FMO3 cDNA at therg of
examine a role of human FMO3 in adult human liver metaboligm. Seduences encoding the maltose binding protein (MBP). Oligonucleotides that
vitro/in vivo correlations have shown that stereoselect®jpr(icotine corresponded 0 5'-GGGAAGAAAGTGGCCATC-3and 5'-CCGGTC-
N-1'-oxygenation and cimetidir®-oxygenation are useful indicatorsg’,AggSA‘)Trﬁ;:e’i‘sAGrigeA;aaTIyCA_IA_‘E?CCQ‘GSS'SeVC‘)’g;Z “;i?ug‘zc}:?n:ﬂd
of human FMO3 actl\_/lty (6_8)’. anth vitro reglogelfectlvd\l-oxy- amHI, andSall sites that allowed, among other manipulations, insertion of
genatlon of 1O4I(\I,N-dlmethylam!noalkyI)phenothlaZlneS are usef_ e PCR fragment into the pMAL-c2 vector between Xmen| site (blunt end)
indicators of animal FMO activity (26). Undoubtedly, many addizq theHindlIl site.
tional examples of selective functional substrates for human FMO3The two oligonucleotides were used in PCR amplification reactions with the
will be discovered. Consequently, knowledge of expression of humain length human FMO3 cDNA-containing vectdrd. pHFMO3-f1). Approx-
FMO3 enzymes showing polymorphism for drug or endogenoimately 0.1ug of the single-stranded form of pHFMO3-f1 was used as the
chemical metabolism will be an important consideration. template for the PCR. One hundred pmol of each primer was used inu& 50-

Herein, we report the kinetic comparison of the wild type and reaction under standard PCR buffer conditions. PCR cycle conditions were
variant of human FMO3 fusion proteins that were discovered in t§4°C melting (1 min), 55°C annealing (1 min), and 74°C extension (1.5 min),

human population from sequencing and restriction length polymcﬁr-‘d after 20 cycles yielded sufficient DNA to proceed with the cloning steps.

phism studieg. The cDNA-expression, purification and enzymaticThe PCR product was treated with DNA ponerase : (Klgnow fragment) to
- . . . ensure that the DNA fragments had flush ends prior to cloning. The successful
assay and comparison of the physical chemical and catalytic Prop&Guit of cloning the human FMO3 cDNA PCR fragment into ¥ranl and

ties for the two human FMO3 enzymes examined was facilitated bi,q)|| sites of the vector pMAL-c2 gave a construct that was named pMAL-
the adoption of a protein fusion expression system. The expres$gd103. Several clones were examined for expression in JNELE®Ii before
human FMO3 fusion proteins were isolated in a soluble form thahe was isolated that produced a product with the expected size of the fulg
significantly reduced the requirement for added detergent. The twemagth fusion protein (i.e., 100 kDa).The junction between the maltose bindings
human FMO3 enzymes examined showed distinct substrate specifitotein (MBP) and human FMO3 contained a Factor Xa cleavage site that wa
ities. Variation at the locus that encodes human FMO3 may repres@rigature of the pMAL-c2 vector. The fusion junction was designed so that=;
a predisposition of certain populations to altered drug or chemicagavage of the human FMO3-MBP fusion protein with Factor Xa could g
metabolism and hence altered clearance parameters. Human p0|yr{%c?_ase a human FMO3 product that contained an_amlno-termmal glycine thag
. . s . orresponded to the FMO3 enzyme from human liver (3).
phism for oxygenation of nucleophilic heteroatom-containing chenfi®

3
: ; . f utagenesis of Human FMO3 cDNA Encoding Lysine 158: Conversion =
ical may contribute to unusual human drug metabolism reactions ttt]@ lutamate 158.Herein we report that there are two human FMO3 enzymes-%r

‘o

may lead to drug-drug interactions that could in turn contribute {fa¢ have been identified and expres&athe lys58 codon has been designated
idiosyncratic disease conditions (27). as the wild type and gli® has been designated as a variant. The lysine 1585
codon of human FMO3 cDNA is AAG. A single oligonucleotide base change i
of G converts the lys 158 codon to one for glutamaite. (GAG). The 8
Chemicals.Triton X-100, L-w-phosphatidylcholine, and the components obligonucleotide base change was accomplished by site-directed mutagenesss
the NADPH-generating system were purchased from Sigma Chemical Co. (&ting the BioRad Mutagene kit. The oligonucleotide synthesized for this&
Louis, MO). Methyl p-tolyl sulfide, (trifluoromethyl)phenothiazine, dicyclo- purpose was: 5'-CC TGG AAA GGA CT(G/C) TTT TGG TAG GTT GGG-3 %

od

10}

Materials and Methods

hexylcarbodiimide (DCC), and all other chemicals used in this study welide above oligonucleotide was designed to change lysine 158 to either
purchased from Aldrich Chemical Co. (Milwaukee, WI). All other reagentglutamate or glutamine. In several attempts to express the variants, only thel
and solvents used in this study were purchased from Fisher Scientific (Satitane encoding the glutamate amino acid was observed. This result wa
Clara, CA). The pGEM vector, restriction endonucleases, DNA polymeragerified by oligonucleotide sequencing of the entire coding region of the cloness

Klenow fragment, T4 DNA ligase, and phosphatase and Taq polymerase wasewell as part of the cDNA encoding the MBP. The mutagenesis was carrie@i—
obtained from Promega (Madison, WI). Mutagenesis reagents were from the on a subclone of human FMO3 cDNA (i.&col to Sacl fragment) in S
Muta-Genein vitro mutagenesis kit from Bio-Rad (Hercules, CA). Oligonu-vector pGEM(-). The cDNA encoding the glutamate variant was then trans-Q
cleotides for mutagenesis and sequencing were synthesized by DNagefecsed to the MBP-fusion expression vector by exchangingNhel to Sacl 8
(Malvern, PA). Vector pMAL-c2 and amylose resin were purchased from Nefragment of the mutagenized vector with that of vector pMAL-HFMO3. g
England Biolabs (Beverly, MA). Sephacryl 300 was obtained from PharmaciaExpression of the human FMO3 MBP fusion protein and purification P
(Piscataway, NJ.). with Amylose Resin. Starter cultures of JM10&. coli containing pMAL- ~
Synthesis. 10-(N,N-Dimethylaminopentyl)-2-(trifluoromethyl)phenothia-HFMO3 were grown overnight on selective SOC medium g50ml ampicil- 2
\‘

zine (5-DPT) was synthesized by a modification of the procedure previousig) (28). A fresh overnight culture was diluted 100-fold in SOC medium in the
described (26). 10-(N,N-Dimethylaminopentyl)-2-(trifluoromethyl)phenothigpresence of 10Q.g/ml ampicillin. The culture was grown at 37°C for 2 hr with
zineN-oxide (5-DPTNO) was synthesized and characterized spectroscopicaliyorous shaking. After 2 hr, 8 mg/I riboflavin was added and the cultures were
as previously described (5). Methyltolyl sulfoxide (MTSO) was synthesized induced with the addition of isopropy-D-thiogalactopyranoside (IPTG) to
from methylp-tolyl sulfide (MTS) according to the general method of Cashachieve a final concentration of 0.6 mM. The cultures were incubated for an
manet al. (8, 9). additional 3 hr at 37°C with vigorous shaking. At 3 hr the cells were removed
Oligonucleotide SequencingOligonucleotide sequencing was done by thérom the incubator and chilled on ice. In general, fusion protein preparations
DNA sequencing facility at the Seattle Biomedical Research Institute (Seattepvided protein with equal efficiency on several scales. 25 ml, 250 ml,
WA) using Sanger sequencing technology. Automated electrophoresis and detd 4 liter). A 4-liter culture was harvested at 2—4°C by centrifugation at
recording were done with an Applied Biosystems Sequencer Model 37&000gfor 15 min, washed once with 400-ml 50 mM sodium phosphate buffer,
(Foster City, CA). pH 8.4, and resuspended in 80 ml of lysis buffer (i@ mM sodium
Subcloning Human FMO3 cDNA into the Maltose Binding Protein  phosphate, pH 8.4, 0.1% lecithin, 0.5% triton X-100, 0.5 mM phenylmethyl-
Fusion Expression SystemTwo oligonucleotides were synthesized to use irsulfonylfluoride (PMSF)) (29). The cell suspension was then allowed to freeze
PCR amplification of the human FMO3 cDNA (3). Proper insertion of humaslowly at—20°C. After freezing, the cells were either transferred-80°C for
FMO3 cDNA into the expression vector pMAL-c2 and PCR amplification wastorage or thawed prior to sonication. The freeze-thaw process appeared to
improve the efficiency of lysis. Sonication was done in three bursts (60 sec, 30
2 Restriction length polymorphism and oligonucleotide sequencing studies  sec, and 20 sec for the 4-liter preparations) with a Braun Sonic Model 2000
showed codon 158 encoded either amino acids glu or lys at approximately equal ~ Sonicator fitted with a microprobe. The bacterial lysates were cleared by
allele frequencies for the caucasian populations examined: E. Treacy, R. Youil, S.  centrifugation at 14,0@pfor 20 min to provide a supernatant.
Forest, and M. Knight, unpublished data. The supernatant derived from a 4-liter culture of IMEoli containing
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A B Sephacryl S-300 chromatography as analyzed on 10% SDS PAGE. Parallel
cleavage reactions with Factor Xa were assayed immediately (as described
below) or stopped by the addition of 10% trichloroacetic acid and fractionated

1 234 5678 9 123 4 on 10% SDS PAGE and treated with Coomassie Blue stain or processed for
Western blot analysis (data not shown).
97> 97> Selective Functional Assays for Human FMO3-MBP Activity. Assay
and analysis of human FMO3 MBR-oxygenation activity with 5-DPT was
66> 66>k done as described previously (5, 9, 30). MBSoxygenation assays were
55-» 55> carried out under the same buffer, temperature, time, and volume conditions as
40> 40+»; that for theN-oxygenation assays described in the reference cited above. The

reaction was stopped by the addition of 7@Dof ice-cold CH,CN/hexane,
80:20, v:v). After the addition of approximately 20 mg NaCl to each incuba-
3> 31> — tion, each sample was mixed vigorously for 10 sec. The reactions were then
Fic. 1. Panel A) Fractionation of cell extracts and subfractions of§s ~centrifuged at 2,000dor 10 min to separate the organic phase from the
and GIU®® human FMO3 MBP fusion proteins analyzed with a 10% SDs2dueous phase. The organic layer was removed and used directly for HPLC
PAGE.Panel B) Fractionation of highly purified L& human FMO3 MBP @nalysis. The recovery of MTS and MTSO was judged ta=080%.

obtained from Sephacryl S-300 chromatography and analysis of The MTSO product was separated from the substrate MTS with an gnalyt-
chromatography samples on 10% SDS PAGE after treatment with Factolcal reversed phase HPLC column (4:6250 mm, Microsorb-MV, Rainin
Xa. Instruments Co., Inc., Woburn, MA). The HPLC instrument employed was the
. . same as described above for tReoxygenation reactions. The HPLC condi- g
Panel A) Lane 1, molecular weight standartiane 2, sample of LYS® tions for elution were CHCN/H,O (1:1; viv) with a gradient flow rate as =
human FMO3 MBP from the bacterial lysateane 3, bacterial extract of ¢, 0ws: 1.5 ml/min from 0 to 4 min. 1.5-2.5 mi/min from 4 to 5 min. and 2.5 Y
158 - : ; , 1.5-2. , .
Lys™"human FMO3 MBP purified with amylose resin chromatograpf@ne  m/min from 5 to 15 min. MTSO eluted during the first gradient phase while &
4, the pellet from precipitation of amylose resin chromatography purifieghe gypstrate eluted during the last phase and were detected at 236 nm with

158 H .
Lys™ human FMO3 MBPwith 7% PEG 800Q.ane 5, the pellet from rqention times of 2.5 min and 9.5 min, respectively.
precipitation of amylose resin chromatography purified 2§$iuman FMO3 Detergent Dependence of Human FMO3-MBP Activity.After purifica-

= 8
MBP with 14% PEG 8090Lane 6, a sample of G_}ﬁ human FMO3 MBP {5, of the human FMO3 MBP by amylose resin affinity chromatography, the
from the bacterial lysatd;ane 7, sample of bacterial lysate of &ltihuman 5t of detergent present was analyzed by extraction of the protein wit
FMO3 MBP purified with amylose resin chromatographyne 8, the pellet , qanic solvents and HPLC analysis of the extracts. This was done for th

from precipitation of amylose resin chromatography purified ®Elthuman human gld®® FMO3 MBP enzyme although the % enzyme was anticipated
FMO3 MB with 7% PEG 8000Lane 9, the pellet from precipitation of ., e cimilar. Human ghf® FMO3 MBP (185ug, 1.8 nmol) was placed in

amylose resin chromatography purified &fthuman FMO3 MBP with 14% ¢ 55 1y pyffer (potassium phosphate, pH 8.5) and extracted with 1 ml aceto®

PEG 8000Panel B) Lane 1molecular weight standardsanes 2and3were piwiie The organic fraction was mixed thoroughly, separated by centrifuga-

column samples from the chromatography and did not contain any detectafle eyaporated to dryness, and taken up in methanol for analysis by HPLGS
protein Lane 4showed a significant amount of the enzyme product, that Factpip| ¢ as done with a Hitachi HPLC system as described above using a C-18
Xa (lower band) cleaved Ly$* human FMO3 MBP (100 kDa) into the native wicrosorh reversed phase column (Rainin, Emeryville, CA). An eluent of 2

protein of 59 kDA and that the chromatography resolved the human FM%3CN/HZO/CH30H/NH4OH (62:35:3:0.4; v:v) was used to separate Triton 98

. . m
from the fusion protein. X-100 and other detergents (retention volume 10 ml) from other polar mate-—

rials. Using a standard curve constructed with between 254 to 5088 pmol o
pMAL-HFMO3 was passed through an amylose column once that was pfeiton X-100, it was established by HPLC analysis that 0.72 nmol of detergents
equilibrated in column buffer (50 mM sodium phosphate buffer, pH 8.4). Theas present per nmol of enzyme after the amylose resin affinity chromatog%
amylose affinity column was then rinsed with 10 column volumes of columraphy step. Enzyme preparations with this negligible amount of detergent wa§
buffer that was sufficient to remove essentially all unbound proteins. Proteidssignated “detergent free” human FMO3 MBP. The requirement for addi-O
that were bound by virtue of their affinity to amylose were then released wittonal detergent for optimal activity of the “detergent free” human FMO3 MBP 8
column buffer that contained 10 mM maltose. Fractions were collected amas examined by studying the effect of added Triton X-100 on 5-DPT$
assayed for protein concentration and fractionated on SDS-PAGE. As @ieoxygenation. The 5-DPN-oxygenation enzyme activity assay was done =
scribed previously, for non-fusion protein human FMO3, selective precipitassentially as described above with the exception that a small amount of Tritotp\J
tion with PEG 8000 afforded more highly purified fractions (5, 29). Generally{-100 (i.e.varied from 0—0.5% detergent as shown in fig. 2) was added to theQ

Ino[se’puwip wou

U,

86% and 81% of the activity of human gR§ and ly$®® FMO3 MBP, incubation before addition of substrate. ~
respectively, was recovered using this procedure.
Fractionation of human FMO3 MBP on Sephacryl S-300As judged by Results

5-DPT N-oxygenation, the most active fraction from a representative amylose
affinity chromatography fractionation were pooled (approximately 2.6 mg of
protein) and placed on a size exclusion chromatography Sephacryl S-300°he PCR products that were designed to give the full length open
column equilibrated in 50 mM sodium phosphate buffer, pH 8.4, and 0.5p¢ading frame cDNA of FMO3-MBP proteins were inserted into a
Triton X-100. One ml fractions were collected and further analyzed for 5-DPFMAL-c2 expression vector. Endonuclease restriction enzyme analy-
N-oxygenation activity and protein concentration and by sodium dodecylsdls and complete DNA sequence analysie. poth strands) of the
fate polyacrylamide gel electrophoresis (SDS PAGE) (data not shown). PrOtBiIOIAL-HFMO3 cDNA sequence confirmed that the entire human

concentration was determined with Fhe Pierce BCA method (Rockford, IL)FMO3 MBP cDNA coding strand was successfully extended and
Factor Xa Cleavage. Two preparations of human B8 FMO3 MBP were . . .
rrectly inserted into the expression vector.

used in the Factor Xa cleavage reaction. The 14% PEG 8000 precipitate (ﬁ8 ) . .
1A) and a fraction of Iy¥® FMO3 MBP from a purification by Sephacryl The expression of the pMAL-c2 derived human FMO3 MBP fusion

cleavage reaction. Typically, 24g of lys'®® FMO3 MBP was placed in a total full length human FMO3 MBP enzymes with a molecular weight of
of 100 ul of 100 mM sodium phosphate buffer (pH 7.6), and @@ of Factor approximately 100 kDa. In addition, several other different sized
Xa was added (a gift from Dr. K Kujikawa and Professor E. Davie, University

of Washington) and incubated at 37°C for 1 or 3 hr. FigshBws the reaction 2 The revised full length human FMO3 cDNA sequence was recently reported:
product of the Factor Xa cleavage of the highly purified material from theroc. Natl. Acad. Sci. USA 92, 9910 (1995) and Eur. J. Biochem. 235, 683 (1996).

Expression and Purification of Human FMO3 MBP
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TABLE 1
Selective Fractionation of Human Flavin-Containing Monooxygenase
10 Maltose Binding Protein
. 5-DPT N-Oxygenation
g4 g FraAction P(rr(r)]tsn Activity ? (nm)gl;/min/mg
o 1 of protein)
E 6 s Lys'®® FMO3 MBP
g Bacterial lysate 443 0.19+ 0.1
?E) 4 4 Amylose resin fraction 132 6.89+ 0.5
c PEG 8000 7% pellet 1.7 52204
24 PEG 8000 14% pellet 5.5 13.020.3
PEG 8000 14% supernatant 5.8 024.2
0 — T B
0 0.1 0.2 0.3 0.4 0.5 0.6 Glu**® FMO3 MBP
% Triton X-100 (v/v) Bacterial lysate 472 0.02=0
Amylose resin fractions 971 494+ 0.4
] ] N . 7% PEG 8000 pellet 2.0 3.180
Fic. 2. Shows _the_graphlcal representation of the spescglflc activity of 5- 14% PEG 8000 pellet 1.6 26.46 0.8
DPTNO formation in the presence of &t (@) and Ly$ (A) human 14% PEG 8000 supernatant 4.0 02®.1 o
FMO3 MBP plotted as a function of the percentage of Triton X-100 — _ g
detergent added to each incubation 25-DPT N-oxygenase activity was determined by the HPLC method de-3
For the GId>*human FMO3 MBP, 146.8ig and for the Ly¥®human sc_rlbed |nMater|a]s and Methodswt‘h 3-5 de_terr_mnatlonst SD. Fractl_on— g_
FMO3 MBP, 200uig was used in 50 mM potassium phosphate buffer (pH 8. tion of Fhe_ protein on SDS PAGE} is shown in flgA.JMock_ transformations Q
containing varying amounts of Triton X-100 f E. coli without the cDNA encoding the FMO3-MBP failed to produce the =
’ 100 kDA protein or any 5-DPN-oxygenase activity. The limit of detection %
was approximately 5 pmol 5-DPTNO/min/mg of protein. %

proteins were retained on the amylose affinity resin (fig. 1). The sizes® A typical 4-liter preparation contained 45-55 mg of total protein with the 2
of the protein products that selectively eluted from the affinity chrpecific activity listed. This protein was placed on the amylose affinity column_'g
matography column ranged from approximately 100 kDe.,(the resin.
expected size of the full length fusion product) to approximately 43 A portion of the eluant from the amylose affinity columine( 20-30%)
kD. The 100 kDa protein product was present only in cells th¥fas used for subsequent fractionation.
contained the fusion vector and were not observed in cells without a
vector or cells transfected only with the pMAL-c2 vector alone.( separate, larger scale experiment, Western blot analysis clearly res
the pMAL-c2 vector that produced maltose binding protein exclwealed over 80% cleavage of the fusion protein after 3 hr in the®
sively as the only amylose binding protein). A common property gifresence of Factor Xa. To compare tieoxygenase activity of the
the human FMO3 MBPs that selectively bound to the amylose resioman FMO3 MBP with that of the largely cleaved protein, a prep-
was that they were released by maltose. It was likely that the ottaation of 60—70% cleaved human §i FMO3 MBP (i.e.prepared
selectively eluted proteins were the result of expression from thg the action of Factor Xa) and a split sample of non-proteolyzeds
human FMO3 MBP vector, or else contained a maltose bindirigsion protein incubated in the presence of NADPH for 2 hr at 37°C8
protein domain and possibly arose either through proteolytic breakere evaluated for 5-DPR-oxide formation. These two preparations &
down of the full length protein or were the result of incompletevere compared with the activity of a sample of fusion protein storedg
translation (fig. 1A). The results were consistent with the latter hjer 2 hr at 4°C. The 60-70% cleaved protein and the intact fusiong
pothesis because the SDS-PAGE pattern of amylose binding protepnstein sampleN-oxygenated 5-DPT with essentially equal activity &
observed after expression experiments and the relative intensity of the. 6.25 versus5.57 nmol of 5-DPTN-oxide/min/mg of protein, 5
bands was almost always identical from preparation to preparatioespectively). The activity of the human FMO3 MBP enzyme incu- 3,
and this implied an inherent stability of the products in the cells or cddated in the absence of Factor Xa and the presence of NADPH for &
extracts employed. hr at 37°C compared favorably with that of enzyme stored at 4°C and
Although bacterial cell lysates derived from JM109 containinthen assayed.gé. 6.27 and 6.73 nmol of 5-DPN-oxide/min/mg of
pMAL-HFMO3 were active, there was a dramatic increase in specifprotein, respectively).
activity for the conversion of 5-DPT to 5-DPN-oxide after purifying It was notable that inclusion of NADPH during the Factor Xa
human FMO3-MBP by amylose affinity chromatography and selecleavage reaction markedly stabilized the protein to proteolysis. Thus,
tive polyethylene glycol (PEG) 8000 precipitation (table 1). Furthen the absence of NADPH, Factor Xa cleavage of human FMO3 MBP
fractionation of the protein on the basis of size showed that the biglve only 24% of the 5-DPW-oxygenase activity as that observed in
of the human FMO3- and S-oxygenation activity was associatedhe presence of NADPH. It should be pointed out that Factor Xa-
with the full length product, although a 60 kDa protein also co-elutedeaved human ght® FMO3 possessed many of the unattractive
with the full length protein. Based on the behavior of the humdieatures of highly purified FMO including intractable solubility and
FMO3 MBP protein on Sephacryl S-300 chromatography, the actie¢her instabilities reported previously (1, 32, 33). In addition to greatly
fraction eluted earlier, and apparently as a much larger species, thading in the purification of human FMO3 MBP enzymes, the attach-
expected for a 100 kDa protein. This result suggested that the actiment of the maltose binding protein domain to the amino terminus of
form of the enzyme may be present in higher ordered complexeshuman FMO3 enzymes clearly stabilized the enzyme to thermal
As shown in fig. B, Factor Xa cleaved highly purified humaninactivation when compared with enzyme activity present in human
FMO3 MBP to the native 59 kDa FMO3 protein. However, thdiver microsomes or produced as a non-fusion proteig.inoli (5-10,
cleavage was sluggish and during the period required for proteolys38). Thus, under similar incubation conditions as described alh@ve (
some degradation of the 59 kDa species was also observed. Iim the presence or absence of NADPH), adult human liver microsomes

0'S[euIno
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or human FMO3 non-fusion protein lost 100% of 5-DRfoxygen- TABLE 2

ating activity in 1 hr at 37°C while in the presence of NADPH, humarkinetic constants for N-oxygenation of 5-DTP catalyzed by th&*land
FMO3 MBP retained greater than 93% of 5-DRFoxygenation  lys'&human flavin-containing monooxygenase (form 3) maltose binding

activity after 2 hr at 37°C. fusion protein8

Physical Chemical and Kinetic Properties of Human FMO3- K Vi
MBPs. The regioselectivéN- and S-oxygenation of a tertiary amine Enzymes (uM)  (nmol/min/mg VimafKm 1 (coefficient)
and sulfide, respectively, were examined with*R%sand glu>® of of protein)
human FMO3 MBPs to investigate selected physical chemical af#’°*FMO3 MBP 101 27.8 0.28 0.99
kinetic properties of these enzymes. Preliminary studies of cDNAYS™ -FMO3 MBP 72 5.55 0.077 0.98

expressed FMO3 MBP enzymes showed that lysatds. abli cells 2 The kinetic constants were calculated from initial velocity measurements

transformed with pMAL-HFMO3 possessed significant NADPH-deby the HPLC procedure described laterials and Methods. For the dftf

pendent 5-DPN-oxygenation and MTS-oxygenation activity. Bac- human FMO3 MBP, 3Qug of protein in 50 mM potassium phosphate buffer,

terial lysates transformed with vectors that did not contain hum&ht 9-0 was used in each incubation. For thé-#j#iuman FMO3, MBP 439

FMO3 cDNA did not show significanii- or Soxygenation activity. ©F Protéin in 50 mM potassium phosphate buffer, pH 9.0 was used in each

Because partial purification of the human FMO3 MBP enzymes BQICUbatlon'

amylose affinity chromatography was fast and efficient and because

the fusion protein was equally active as the human FMO3 generatiifetic Parameters for N-Oxygenation of 5-DPT by Human Lys*® and

by Factor Xa cleavage, the affinity purified material was used directly Glu'**FMO3 MBP

in subsequent kinetic experiments. The'Rfsand gld®® enzyme  Kinetic constants for 5-DPTN-oxygenation in the presence of

preparations were judged to be virtually identical on the basis bfiman ly$°® or glu**®:FMO3 MBP were calculated from the rate of

SDS-PAGE, Coomassie Blue staining, and Western blot analysis.N-oxide formation at variable substrate concentration by the HPL
Studies showed that cDNA-expressed human FMO3 MBP proteimethods described above. The enzyme of each kinetic determinatiosy

supplemented with NADPH catalyzédt or Soxygenation of 5-DTP was judged to be virtually identical on the basis of SDS-PAGE,%

0|UMOQ

and MTS, respectively. For the substrates examined, formation of tBeomassie Blue staining, and Western blot analysis KihandV,,,, g
S- or N-oxides were a linear function of affinity-purified I8 and values obtained from double reciprocal plots of veloaigysussub- o
glu*®*8 FMO3 MBP protein concentration (0—1Q0y of protein) and Strate concentration (i.d.ineweaver-Burke analysis) were listed in @
of time (0-20 min). Therefore, 30—4g of protein and 15 min table 2. The r values for gti® and lys®® human FMO3 MBP were £
incubation time was generally used in the kinetic studies describ@®9 and 0.98, respectively. The §iihuman FMO3 MBP enzyme £
below. displayed a much greater maximal velocity for the oxygenation of%

5-DPT N-oxygenation activity of both Iy and gld®8 human 5-DPT than that of the wild type Iy§® enzyme. Human gh#® FMO3 o
FMO3 MBPs were dependent on the pH of the incubation mixtur&IBP showed a slightly highef,, for 5-DPT N-oxygenation than the E

Both enzymes gave virtually identical pH-rate profiles. 5-DRT human lys®® FMO3 MBP variant, but this difference may not be 3
oxygenation of both Iy$® and gltt®® human FMO3 MBPs were Significant. Depending on the enzyme preparation, some intersamplé)
almost non-detectable below pH 6.5, and the activity rose graduawriation in the activities for both forms of the enzyme have been™|
with a marked increase from pH 7.0 to 8.5. In agreement wifPserved, but the kinetic differences shown in table 2 were muclfcs'
previous observations, the optimum pH for 5-DRTxygenation was dreater than can be explained by any intersample effect.
10.5, but this probably reflected a significant contribution from the ) o )
extent of ionization of the tertiary amine substrate (9). The pfgemPparison of Human FMO3 MBP N- and S-Oxygenase Activities with
generally used for incubations with 5-DTP was pH 8.5 or 9.0. Like- 5-DPT and MTS
wise, MTS S-oxygenation by Iy$® and gld®® enzymes of human  Both human glé®® and lys°®-FMO3 MBP enzymes were exam-
FMO3 MBP was also dependent on pH. Both enzymes gave simiiged for 5-DPT tertiary aminéN-oxygenation and MTS sulfid&-
pH-rate profiles.S-Oxygenation activity rose rapidly between a pHpPxygenation in parallel to unambiguously compare the relative activ-»
value of 7.0 to 8.0 and achieved a maximal value between pH 9.0 dH@s between the two enzymes (fig. 3). The parallel kinetic analysisQ
9.5. In agreement with previous studies, the true pH optimum of tMés done to avoid any possible problems associated with differences!
enzyme is undoubtedly about pH 9.0 (9). that might arise from kinetic variations resulting from minor enzyme
The maximal 5-DPTN-oxygenation activity of both enzymes wasPreparation effects. The rate of 5-DPN-oxygenation and MTS
observed in the presence of 0.015% Triton X-100 : incubation volunfs0Xygenation by human gitf FMO3 MBP showed that the enzyme
(v:v) (fig. 2). While the preparation of these enzymes included aMas able to discriminate between the tertiary amine and the sulfide
extensive detergent-free wash of the protein, human FMO3 MBP waidstrates examined to a much greater degree than humait lys
avidly bound to the affinity matrix, and a small amount of detergerll'_t'vlo3 MBP.
(i.e.0.72 nmol per nmol of enzyme as determined by HPLC) remained )
associated with the protein upon elution from the amylose resin. The Conclusion
amount of detergent that remained with detergent-free enzyme waShe maltose binding domain fusion system is an efficient expres-
suboptimal for maximal activity. As shown in fig. 2, an increase ddion system for the production of stable and highly active human
added detergent beyond 0.05% had a negative effect on enzyPO3. The MBP fusion allows for an efficient one-step purification
activity, especially above 0.5% Triton X-100. Interestingly, the corprocedure that yields enzyme in a substantially purified and highly
centrations of Triton X-100 found to be optimal for human FMO3ictive state. The utility of human FMO3 fusion proteins has been
MBP activity (.e. 0.015% Triton X-100) were far lower than thenoted before (1), but this is the first report showing quantification of
amount of detergent that has been commonly used1®6 or more) that proposal. It is notable that the fusion of the MBP domain to
for most preparations of FMO enzymes analyzed prior to this stuthyman FMO3 markedly decreases the requirement for detergent while
(30-33). at the same time affording a soluble enzyme and actually enhancing
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substrate binding channel are proximal to the amino terminus of the
enzyme and to attachment of the MBP to the amino terminus and

144 protects human FMO3 from degradation.

o ] Both human ly&°% and gld®*&FMO3 MBP N-oxygenated 5-DPT
R0 Blys Eglu T and S-oxygenated MTS relatively efficiently. However, parallel as-
E 5 101 . says against both substrates revealed that humaryand gld>&

S \E’ 8 4 FMO3 MBP had different capabilities to discriminate between the two
|5 £ N substrates (fig. 3). For example, the fitienzyme has a much greater
EE relative activity toward the sulfide substrate, MTS (20-fold), than to
& e 49 ; the tertiary amine substrate, 5-DPT. In contrast, the humat?dys
24 . FMO3 MBP enzyme is only about 4.8-fold more efficient &t
o I | ' R oxygenating MTS thaiN-oxygenating 5-DPT. While the preliminary
5-DTPNO MTSO 5-DTPNO MTSO results for an admittedly limited number of substrates reported herein

strongly indicates that the gitf enzyme is a distinctive FMO catalyst
compared with the wild type Iy88 enzyme, a more comprehensive
Fic. 3. Bar graphs of the relative rate of 5-DPTNO and MTSO formationdescription of the difference between these two enzymes is warranted.
in the presence of Ly (solid black bars) and Gi?® (gray bars) human In this regard, it is notable that the humanlﬁ%FMOS enzyme
FMO3 MBP. reported previously exhibited significant regio- and stereoseleblive 9
For the Ly$%8 and GId®® variants, 1.13+ 0.11 and 0.58+ 0.17 nmol andS-oxygenation (5, 30), and this point must be examined with thez
5-DPTNO/min/mg of protein, respectively, and 5.430.04 and 11.3% 0.59 glu*®*®enzyme. It is possible that the postulated features of the huma@
nmol MTSO/min/mg of protein, respectively, were formed. Products wefleMO3 substrate binding channel may have to be revised in view o
determined by the HPLC procedure describetfaterials and Methodi the  the apparently distinctive properties of the enzyme activity of the=;
presence of 34 and 5ig of the Lys®® and GI4*® human FMO3 MBP, human gld%® FMO3 enzyme observed in this study.
respectively. Because a certain fraction of the human population is homozygougs.
o o . o for the gene encoding the gitf FMO3 enzyme, it is likely that some 2
the activity and stability of the protein. This is important becausggividuals will be more efficient at oxygenating some nucleophilic
essentially detergent-free, soluble human FMO3 MBP can be furthggieroatom-containing xenobiotics or drugs than individuals who da®
purified efficiently with additional steps of fractionation, amylosg,q¢ possess glutamic acid at amino acid position 158 of human FMO3§
affinity chromatography, selective PEG 8000 precipitation includingp;g may have consequences for drug development programs ar@
size exclusion chromatography either as the fusion protein or, aftffman drug-drug interactions or other metabolic idiosyncrasies (27)4
Factor Xa cleavage, to obtain the native protein. However, because of is unknown how the naturally occurring human FMO3 enzyme©
the enhanced stability, solubility, and essentially equal enzyme ac%lymorphism (i.elys*>8and g8 FMO3) affects the metabolism of
ity, use of the fusion protein possesses significant advantages oven{ifaopiotics that humans are exposed. For example, although it h
c_Ieaved human FMO3. Another attractiye feature _of soluble, essgen reported that human FMO3 is the enzyme responsible for corfl]
tially detergent free human FMO3 MBP in xenobiotic or drug metakyersion of TMA to its deodorification product TMANO, it is unknown &
olism studies arises from the ease of sample preparation and analy$ist role the human FMO3 enzymes reported herein play in TMAS
by the types of HPLC procedures routinely used in the presencegfiiary amineN-oxidative metabolismin vivo. Likewise, it is un-
essentially detergent-free enzyme. Because most substrates of hu@afn what role human FMO3 enzymes play in modulating the g
FMO3 are lipophilic and often obscured by detergents analyzed in thtapolism of other endogenous or xenobiotic amines that may b
reversed phase HPLC analytical mode.(or other common means of 555qciated with some disease condition. It is possible that variation &
evaluating substrate oxygenation), a detergent-free enzyme prepgia- FMO3 locus may contribute in certain populations to disease®
tion possesses significant advantages over human FMO3 preparatiQng,ciated with environmental exposure to procarcinogens. Furthép
requiring significant quantities of detergent for activity. studies of the role of human FMO3 enzymes in the metabolism ofy
The human FMO3 MBP expression system is also adaptable to fig,qenous and endogenous amines may lead to a clearer understafgi-

expression of other enzymes. We have shown that wild type agl of the role of human FMO3 in xenobiotic detoxication and human
variant human FMO3 MBPs can be expressed and purified in actiyRease.

form and studied in detail because of the advantageous properties of

the high expression system and the stability of the soluble humarAcknowledgments. The authors are grateful to our collaborators
FMO3 MBP that are not confounded by membrane-association pié0 supplied some of the biological agents necessary for some of the
nomena. The two human FMO3 enzymes, differing at amino acidpove studies: Professor Alan Rettie (University of Washington) for
position 158, were analyzed with respect to their ability to oxygenagéti-monkey liver FMO antibody, Dr. Randall Howard (Seattle Bio-
a tertiary amine and a sulfide-containing substrate. Human FM®®dical Research Institute) for the pMAL vector and Dr. K. Kujikawa
MBPs containing ly5°® or glu'>® were active against both substrate@nd Professor E. Davie (University of Washington) for Factor Xa. We
although the extent of substrate oxygenation showed considerakt&nowledge the stimulating conversations with Drs. Eileen Treacy
sensitivity to the particular enzyme used. With the exception of t{McGill University, Montreal, Canada) and Susan Forrest (Royal
minimal requirement for detergent and the stabilization by NADPH tghildren’s Hospital, Melbourne, Australia) concerning trimethyl-
thermal inactivation, the physical chemical properties of the humaminuria patients.

FMO3 MBPs examined (i.epH dependence, etc.) were virtually

identical to FMO3 expressed . colias a non-fusion protein (5, 30). References
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