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ABSTRACT. The covalently bound FAD in native monomeric sarcosine oxidase (MSOX) is attached to the
protein by a thioether bond between the-@ethyl group of the flavin and Cys315. Large amounts of
soluble apoenzyme are produced by controlled expression in a riboflavin-depEsdkatichia colstrain.

A time-dependent increase in catalytic activity is observed upon incubation of apoMSOX with FAD,
accompanied by the covalent incorporation of FAD-#®0% of the level observed with the native enzyme.

The spectral and catalytic properties of the reconstituted enzyme are otherwise indistinguishable from
those of native MSOX. The reconstitution reaction exhibits apparent second-order kiketid89 M1

min~1 at 23°C) and is accompanied by the formation of a stoichiometric amount of hydrogen peroxide.
A time-dependent reduction of FAD is observed when the reconstitution reaction is conducted under
anaerobic conditions. The results provide definitive evidence for autoflavinylation in a reaction that proceeds
via a reduced flavin intermediate and requicedy apoMSOX and FAD. Flavinylation of apoMSOX is

not observed with 5-deazaFAD or 1-deazaFAD, an outcome attributed to a decrease in the acidity of the
8a-methyl group protons. Covalent flavin attachment is observed with 8-nor-8-chloroFAD in an aromatic
nucleophilic displacement reaction that proceeds via a quininoid intermediate but not a reduced flavin
intermediate. The reconstituted enzyme contains a modified cystiawen linkage (8-nor-8S-cysteinyl)

as compared with native MSOX @8S-cysteinyl), a difference that may account for #4.0-fold lower
catalytic activity.

Although flavins often function as noncovalently bound 20% identical with that of MSOX. In other enzymes, tyrosine
prosthetic groups, a growing number of flavoenzymes have or histidine may replace cysteine as the site of flavin
been found to contain covalently bound flavin. This diverse attachment, but the covalent linkage nearly always involves
group of enzymes perform a remarkable range of reactions,the &-methyl group of the flavin X).
including ion pumping, antibiotic synthesis, and metabolism  coyalent flavin attachment is thought to occur in a reaction
of biogenic amines1—3). Monomeric sarcosine oxidase catalyzed by the apoprotein itself,(13—15). A molecular
(MSOX)*is a prototypical member of a recently discovered mechanism involving iminoquinone methide and reduced
family of amine-oxidizing enzymes that all contain covalently fayin intermediates (Scheme 1, intermediates | and II,
bound flavin §—7). MSOX is an inducible bacterial enzyme  respectively) has been proposed for MSOX and other
that plays an important role in the catabolism of sarcosine gnzymes 1, 10), but in sitro studies to characterize the
(N-methylglycine), a common soil metabolite)( The  reaction have been limited by difficulties in isolating
enzyme is widely used in the clinical evaluation of renal yeconstitutable apoenzymes. A notable exception is provided
function ©). MSOX catalyzes the oxygen-dependent de- py b cresol methylhydroxylase, a hemoflavoenzyrag)
methylation of sarcosine to yield glycine, formaldehyde, and {hat contains separate flavin- and heme-binding subunits. In
hydrogen peroxide. High-resolution crystal structures are ihis perhaps unusual example, both subunits are required for
available for free MSOX and complexes of the enzyme with 5y a1ent flavinylation (8-O-tyrosyl-FAD). As a conse-

competitive inhibitors 10, 11). MSOX contains 1 mol of  gyence, the reaction can be blocked by expressing the flavin-
FAD, attached to the protein via a thioether linkage between binding subunit by itself and then triggered by mixing the

the &x-methyl group of the isoalloxazine ring and Cys315 geparately isolated subunits in the presence of FAB). (
(8a-S-cysteinyl-FAD) (L2) (see Table 1 for the structure).  gypression of apo-monoamine oxidase A and B was achieved
The same covalent linkage is found for FAD in monoamine by using a riboflavin-dependent strain 8accharomyces
oxidase A and B, mammalian enzymes whose sequences arggrgjisiae Isolation of the mitochondrial membrane-bound

. . proteins was, however, thwarted by the extreme instability
T e
the L'};ﬁgﬁ,‘;ﬁ'ﬁ&ﬁj‘;ﬁpgtﬁg;ﬂﬁ artby Grant GM 31704 (M.S.J.) from of the solubilized apoenzyme$§, 17). An unstable apoen-
* To whom correspondence should be addressed. Phone: (215) 762Zyme form of 6-hydroxys-nicotine oxidase was isolated in
7495. Fax: (215) 762-4452. E-mail: marilyn jorns@drexelmed.edu. low yield by expressing the recombinant enzyme in the

! Abbreviations: MSOX, monomeric sarcosine oxidase; FAD, flavin ; ; ; ;
adenine dinucleotide; IPTG, isopropyl-b-thiogalactopyranoside; presence of diphenylene iodoniut¥. Analytical amounts

SDS-PAGE, sodium dodecyl sulfatgolyacrylamide gel electro- ~ Of @po-succinate dehydrogenase have been prepared by using
phoresis. a reticulocycte lysate transcriptiefiranslation systemlg).
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Table 1: Structure and Redox Potential of Selected Flavin
Derivative$
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@ Redox potentials are for the corresponding riboflavin derivatives.
The carboxyl and amino groups in the structure shown S8
cysteinyl-flavin are replaced by peptide bonds in the$cysteinyl-

FAD covalently attached to Cys315 in MSOX.

Scheme 1: Postulated Mechanism for Covalent
Flavinylation of MSOX with FAD
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tion of a reasonably stable apoprotein that can be reconsti-
tuted with FAD and certain FAD derivatives.

EXPERIMENTAL PROCEDURES

Materials Amplex Red was obtained from Molecular
Probes. NADH peroxidase, horseradish peroxidase, and
o-dianisidine were purchased from Sigma. 8-Nor-8-chlorori-
boflavin and 1-deazariboflavin were generous gifts from Dr.
J. Lambooy and W. Ashton, respectively. 5-Deazariboflavin
was previously synthesized in this laboratory according to
the method of O’Brien et al.18). Recombinant FAD
synthetase fron€orynebacterium ammoniagengas kindly
provided by Dr. B. Mclntire.Pfu DNA polymerase was
obtained from Stratagen’dd andXhd restriction enzymes
were purchased from New England Biolabs. QIAquick PCR
Purification and QIAquick Gel Extraction Kits were obtained
from Qiagen. Plasmid pET24a was supplied by Novagen.
T4 DNA ligase was purchased from New England Biolabs.
The Ca affinity matrix was obtained from BD Bioscience.
Sep-Pak C18 cartridges were purchased from Waters.

Expression and Purification of the MSOX Holoenzyme
MSOX was expressed iB. coli and purified as previously
described 12) except that the cellsH, coli DHY/pMAW)
were grown in Terrific Broth 19) instead of LB. Enzyme
activity was measured using the Nash asshf) (or a
horseradish peroxidase assay wibkdianisidine as the
chromogenic substrate2@. The level of protein was
determined using the Bio-Rad micro protein assag).(
Enzyme concentrations were also estimated on the basis of
flavin absorbance at 454 nnryés = 12 200 Mt cm™) (12).

The isolated enzyme exhibited catalytic and spectral proper-
ties similar to those reported for the enzyme isolated from
cells grown on LB 12) (see Table 2). However, the yield
of the purified enzyme (3.97 g from 10 L of cell culture)
was 10-fold higher.

Generation of a Riboflen-Dependent Deriative of E.
coli BL21(DE3).Chemical mutagenesis &. coli BL21-
(DE3) was performed by exposing the cells to ethylmethane
sulfonate for 15 min, according to the procedure described
by Miller (21). The mutagenized cells were enriched for
riboflavin auxotrophs using the ampicillin enrichment method
described by MolholtZ2). Five riboflavin-dependent colo-
nies [E. coli BL21(DE3) M1la-M1e)] were isolated on the
basis of their ability to grow on LB only when the medium
was supplemented with riboflavin (10@g/mL). E. coli
BL21(DE3) M1b cells were selected for expression of the
MSOX apoenzyme, as described below.

Construction of Plasmid pGZ2@lasmid pMAW contains
the cloned gene for MSOX frorBacillus sp. B-0618 12).
PCR was used to introduce &lud restriction site at the'5
end of the gene, delete the stop codon, and introdeoa
restriction site at the '3end of the gene. Reactions were
performed using plasmid pMAW as a templaté;A%s-

FAD] was markedly accelerated by small molecule effectors. GAATCATATGAGCACACATTTTGATG-3 as the for-
MSOX is a relatively small (44 kDa), stable, cytoplasmic ward primer Ndd site underlined), and’5SAGACTACTC-
protein containing a single prosthetic group. The recombinant GAGGATAGTTGTTTTTTGTAACG-3 as the backward

enzyme is highly overexpressed Escherichia coliand

primer Xhd site underlined). PCR was conducted usifg

readily isolated in gram quantities. These features suggesteddNA polymerase and a Hybaid Touchdown Thermocycler
that MSOX might provide a viable system for in vitro with the following cycle settings: 30 cycles of 9€ for 40
flavinylation studies. In this paper, we describe a system for s, 52°C for 40 s, and 72C for 2 min, followed by a single
expression and preparative-scale (40 mg/L of culture) isola- cycle of 72°C for 30 min. The PCR product was purified
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Table 2: Spectral and Catalytic Properties of Native MSOX, ApoMSOX, and the Reconstituted Enzyme

€axy mol of flavin/  specific activity
preparation Mtem™)  AggdAsxy Mol of protein (units/mg) Keat(app)(Min™?) Km(app) (MM)
native MSOX 12200 5.7(5.5% 0.80(0.87) 34.7 2510+ 10 (2730+ 32F 5.6+ 0.1 (4.5+ 0.1
apoMSOX nd 73 nd 1.1 nd nd
FAD-reconstituted 12300 7.3 0.61 27.0 2380 5.2+ 0.1
8-nor-8-chloroFAD-reconstituted 25600 3.1 0.68 3.0 392 13+ 0.6

a Specific activity and apparent steady-state kinetic parameters were determined using a horseradish peroxidase askayisidine as the
chromogenic substrat@@). 4XY is 454 nm for FAD-reconstituted, native MSOX and apoMSOX; 4XY is 475 nm for 8-nor-8-chloroFAD-reconstituted
MSOX. b Values previously reported by Wagner et dl2) © Values previously reported by Wagner and Jo2@).(

using the QIAquick PCR Purification Kit, cut withdd and synthetase in 50 mM potassium phosphate buffer (pH 7.6)
Xhd, purified by agarose gel (1.5%) electrophoresis, and containing 5 mM ATP and 20 mM magnesium chloride.
recovered using the QIAquick Gel Extraction Kit. The Preparative-scale (200 mL) reaction mixtures were then
desiredNdd —Xhd fragment (containing the MSOX gene filtered through an Amicon PM-10 membrane to remove
without its stop codon) was then subcloned betweeiiNha: protein. Except as noted below, the filtrate was applied to a
and Xhd sites of plasmid pET24a using T4 DNA ligase. 35 mL Sep-Pak C18 cartridge, previously activated by being
The resulting construct (plasmid pGZ26) places MSOX washed with methanol and then equilibrated with water. The
expression under the control of the T7 promoter and addscartridge was washed with water. Elution conditions varied
eight amino acids [LeuGlu(Hig)) to the 3 end of the somewhat, depending on the FAD analogue. 5-DeazaFAD
recombinant protein. Plasmid pGZ26 was sequenced acrossvas eluted with 10% acetonitrile in water. 1-DeazaFAD was
the entire MSOX insert. Sequencing was conducted by thenot eluted ly a 1 L linear gradient from 0 to 5% acetonitrile
Nucleic Acid/Protein Research Core Facility at the Children’s in water. The compound began to slowly leach off the
Hospital of Philadelphia (Philadelphia, PA). Plasmid pGZ26 cartridge upon further washing with 5% acetonitrile. 1-Dea-
was used to transfornk. coli BL21(DE3) M1b cells to zaFAD was eluted by switching to 10% acetonitrile in water.
kanamycin resistance. The Sep-Pak eluates were concentrated by lyophilization and
Expression and Purification of the MSOX Apoenzyme. E. stored at—20 °C. In the case of 8-nor-8-chloroFAD, the
coli BL21(DE3) M1b/pGZz26 cells were grown at 3T in filtrate was applied @ a 1 L DEAE-cellulose column
LB containing riboflavin (4«g/mL) and kanamycin (100g/ previously equilibrated with 5 mM potassium phosphate
mL) until the Asgs reached 0.9. The cells were then collected buffer (pH 6.8). The column was washed successively with
by centrifugation and washed twice with riboflavin-free LB. 5 and 10 mM potassium phosphate buffers (pH 6.8). 8-Nor-
The washed cells were resuspended in riboflavin-free LB at 8-chloroFAD was eluted with a 12 L linear gradient from
15 °C. MSOX expression was induced with 1 mM IPTG. 20 to 75 mM potassium phosphate buffer (pH 6.8). The
Cells were harvested after 3 days at’1h eluate was applied to a 35 mL Sep-Pak C18 cartridge,
All steps of the purification were conducted at@. Cells previously treated as described above. The cartridge was
were disrupted by sonication in the presence of proteasewashed with water. 8-Nor-8-chloroFAD was eluted with
inhibitors, as described for the isolation of the MSOX methanol, rotoevaporated to dryness, dissolved in water, and
holoenzyme 12). The pellet obtained after centrifugation of stored at—20 °C.
the cell lysate was discarded. The supernatant was dialyzed The concentration of stock solutions of the flavin ana-
against 50 mM potassium phosphate buffer (pH 7.5) contain- logues was estimated using the following extinction coef-
ing 20% glycerol and 500 mM NaCl and then mixed with ficients: €44 = 10 600 Mt cm! for 8-nor-8-chloroFAD
15 mL of Co" affinity matrix. After being gently rocked  (23), €300 = 11 500 Mt cm! for 5-deazaFAD 24), and
for 45 min, the mixture was poured into a column. The es40 = 6800 Mt cm™ for 1-deazaFAD Z25).
column was washed with dialysis buffer until the eluate  Reconstitution of ApoMSOX with FAD or FAD Analogues
exhibited no detectable absorbance at 280 nm. ApoMSOX Reactions were conducted at 23 in 100 mM potassium
was then eluted usina 1 Llinear gradient from 0 to 150  phosphate buffer (pH 8.0) containing apoMSOX and excess
mM imidazole in dialysis buffer. The enzyme was dialyzed flavin, as indicated in the text. Reactions were initiated by
against 50 mM potassium phosphate buffer (pH 7.5) contain- addition of apoMSOX. The kinetics of the reconstitution
ing 50 mM KCI, concentrated using a Centricon YM-30 reaction with FAD were monitored by withdrawing small
ultrafiltration cell, and stored in aliquots &80 °C. The yield aliquots at various times to measure sarcosine oxidase activity
from 3 L of culture was 123 mg. Activity and protein were using a horseradish peroxidase-coupled assay avitiani-
measured as described for the holoenzyme. The concentratiosidine as the chromogenic substre?8)( Reaction progress
of the apoenzyme was also estimated on the basis of itswas also monitored by measuring the extent of hydrogen
absorbance at 280 nnaygo = 36 270 Mt cm™?) (12). peroxide formation during reconstitution of apoMSOX with
Preparation of FAD AnaloguesThe amount of FAD FAD or 8-nor-8-chloroFAD. These reactions were conducted
synthetase required to achieve complete conversion of eaclas described above except the reconstitution mixtures also
riboflavin derivative to the FAD level (3:67.1ug/mL) was contained horseradish peroxidase (18 units/mL), Amplex Red
determined in preliminary analytical trials under the condi- (80uM), and dimethyl sulfoxide (0.4%). Hydrogen peroxide
tions described below. Reaction progress was monitored byformation was monitored at 563 nm¢ses = 52 200 M?*
thin-layer chromatography on silica gel plates usimg cm™1). The value forAesss was determined in studies with
butanol, acetic acid, and water (12:3:5). Riboflavin deriva- known amounts of hydrogen peroxide. Hydrogen peroxide
tives (200uM) were incubated for 18 h at 37C with FAD solutions for these studies were standardized using an NADH
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peroxidase-coupled ass&6f. Data obtained for reconstitu- 1 2 3 4
tion reactions were corrected for a small linear reagent blank 4
(AAsgdmin = 3.2 x 1077), observed in the presence of all
components except apoMSOX. Because of the large spectral
change observed upon reaction of apoMSOX with 8-nor-8-
chloroFAD, the kinetics of covalent attachment could also
be directly monitored at 499 nm, as described in the text.

Isolation and Characterization of the Reconstituted En-
zyme.Unbound flavin was removed by ultrafiltration using
a Centricon YM-30 concentrator. The absorption spectrum
of the reconstituted enzyme was recorded after centrifugation.
Extinction coefficients for covalently bound flavins were
determined on the basis of absorbance changes observed after —
denaturation of the reconstituted enzymew@tM guanidine o - —
hydrochloride. Calculations with the FAD-reconstituted FIGURE 1: Expression of apoMSOX. The SB35% polyacryl-

enzyme were made using the extinction coefficient reported ﬁg]t:\cjee ﬁ/lesl(\sv)?IZgngdvrl%%I%rcz:tglllnev)\(/ggcct:gmcﬁs ngT(%Elg)ne L

for free FAD in the presence of guanidine hydrochloriego M1b/pGZ26 cells, prepared as described in the text; and lanes 3
=11 900 Mt cm™) (12). The extinction coefficient reported  and 4, 10 and g, respectively, of purified apoMSOX.

for free 8-nor-85-(N-acetylcysteinyl)-FAD §450 = 25 200

M~ cm) (23) was used to calculate the extinction purified by a procedure involving several chromatography
coefficient of the 8-nor-8-chloroFAD-reconstituted enzyme. steps. Huge amounts of pure enzyme are obtained, especially
To determine the stoichiometry of flavin incorporation, the when the cell density is increased by using Terrific Broth in
protein concentration was estimated on the basis of theplace of LB (400 vs 40 mg of MSOXI/L of culture). Two
absorbance of the denatured protein at 280 ¢33 € 36 270 changes were, however, introduced to facilitate apoenzyme
M~ cmt) (12). The absorbance at 280 nm was corrected expression and isolation: (1) MSOX expression was placed
for the contribution from free FADefgo= 22 900 Mt cm?) under the control of the T7 promoter to achieve tightly

|
f
|

(12) or free 8-nor-8s(N-acetylcysteinyl)-FAD €50 = regulated expression, and (2) a carboxyl-terminal affinity tag,
18 900 Mt cm™Y) (27). (His)s, was incorporated to streamline protein purification.
Spectroscopy and Data Analysfsbsorption spectra were The riboflavin-dependent strain was transformed with the

recorded using an Agilent Technologies 8453 diode array new expression plasmid (pGZ26) and grown at°&7in
spectrophotometer or a Perkin-Elmer Lambda 2S spectrom-riboflavin-supplemented LB until a desired cell density was
eter. Horseradish peroxidase assays using Amplex Red wereattained Ases = 0.9). The cells were then transferred to
conducted using only the Perkin-Elmer Lambda 2S spec- unsupplemented LB, and MSOX expression was induced at
trometer because the bright light source in the diode array 15 °C. Extracts from cells grown under these conditions
spectrophotometer caused significant photodecomposition ofexhibit a prominent 44 kDa protein band that comigrates with
the chromogenic substrate. For anaerobic reconstitutionnative MSOX on SDSPAGE gels (Figure 1, lanes 2 and
experiments, a solution of apoMSOX in 100 mM potassium 1, respectively). Nearly all of the protein in the whole cell
phosphate buffer (pH 8.0) containing 50 mM glucose was extract was present in the soluble fraction, as judged by
placed in the main compartment of a special cuvette with SDS-PAGE analysis of supernatant and pellet fractions (data
two sidearms. The first and second sidearms contained smalhot shown). In contrast, apoenzyme expression atG7
aliquots of glucose oxidase and FAD or 8-nor-8-chloroFAD, generated inclusion bodies that resisted various renaturation
respectively. The cuvette was made anaerobic by multiple attempts.

cycles of evacuation, followed by filling with oxygen-free 5qjation of a Reconstitutable Apoenzyriike soluble 44
argon gas. Identical spectra were observed before and aftef H, protein produced at 1% was isolated by using a €o

tipping glucose oxidase (5 units/mL). Reconstitution Was ity matrix. This single-step procedure yields pure protein
initiated by mixing apoMSOX (27GM) with FAD or 8-nor- (kg re 1, Janes 3 and 4) in amounts (40 mg/L of culture)
8-chloroFAD (12QuM). All spectra are corrected for dilution.  gimijar to that observed for the isolation of the native enzyme
Kinetic data were fitted using the curve fit function in Sigma from cells grown in LB. The preparation was predominantly
Plot (SPSS Inc.). apoMSOX, as judged by the low catalytic activity and
RESULTS minimal absorbance in the visible region, as compared with
native enzyme (Figure 2 and Table 2). The residual FAD in

Expression of ApOMSOX riboflavin-dependent deriva- ~ the apoenzyme preparation may be due to a small amount
tive of E. coli BL21(DE3) was generated by chemical of flavin in unsupplgm.ented LB or the cytosol qf Washed
mutagenesis using ethylmethane sulfona®, followed by cells. Attempts to eliminate the latter source by incubation
enrichment for riboflavin auxotrophs as described by Molholt Of washed cells in unsupplemented LB for 1 or 4 h at €5
(22). This strain [BL21(DE3) M1b] does not grow in LB Prior to enzyme |nduct_|on reduced the yl_eld but did not affect
unless the medium is supplemented with riboflavin. We the properties of the isolated apoprotein.
reasoned that apoMSOX might be produced if riboflavin was ~ To test for reconstitutability, the apoprotein was incubated
removed from the growth medium prior to induction of with excess FAD (50«M) at 23 °C and aliquots were
enzyme expression. Native MSOX is typically expressed at removed at various times and assayed for catalytic activity.
37 °C under the control of the leakiac promoter and A time-dependent increase in activity was observed in a
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Ficure 2: Comparison of the visible absorption spectrum of FGURE 4: Spectral properties of MSOX reconstituted with FAD.
apoMSOX (curve 1) with that observed for the native enzyme Curve 1 is the absorption spectrum of the reconstituted enzyme in
(curve 2). Spectra were recorded in 100 mM potassium phosphatel00 mM potassium phosphate buffer (pH 8.0) at°23 Curve 2
buffer (pH 8.0) at 23C and are normalized to the same absorbance was recorded after denaturation v M guanidine hydrochloride.

at 280 nm.

The reconstituted enzyme was denatured with guanidine
hydrochloride to determine whether the flavin was covalently
- . attached to the protein. Denaturation results in a hypsochro-
mic shift of both visible absorption maxima and the loss of
the shoulder at 475 nm (Figure 4, curve 2). A colorless filtrate
was obtained upon ultrafiltration of the denatured reconsti-
tuted enzyme. Both protein and flavin were found in the
yellow-colored retentate which exhibited a characteristic
flavin absorption spectrum (data not shown). The results
show that the FAD in reconstituted MSOX is covalently
attached to the protein. The data provide definitive evidence
for autoflavinylation in a reaction that requires only the
0 . : : apoenzyme and FAD.

0 50 100 150 The spectral changes observed after denaturation of

Time (min) A X . .
Ficure 3: Reconstitution of apoMSOX with FAD. The reaction reconstituted MSOX were used to estimate the extinction

was initiated by adding apoMSOX (1181) to 100 mM potassium  Coefficient of the intact reconstituted enzyme at 454 nm. The
phosphate buffer (pH 8.0) containing 5 FAD at 23 °C. calculated value efs4 = 12300 Mt cm™) is virtually
Aliquots were withdrawn at the indicated times and assayed for identical to that previously reported for native MSOX (Table
MSOX activity using a horseradish peroxidase as28y. The solid 2). The flavin content of the reconstituted enzyme-B0%

line is a fit of the data®) to a single-exponential equatioA,= . .
Ao + AA(L — ek, wh:Ze Ais thg obseprved activi?on is the of that observed for native MSOX, as judged by values

Specific Activity (U/mg)

activity at time zeroAA is the total increase in activity, arldis obtained for theAxsy/Ass4 ratio or the estimated molar ratio

the apparent first-order rate constant. Each data point is the averagef flavin to protein (Table 2). The somewhat lower flavin

of three duplicate runs. content in the reconstituted enzyme is consistent with the
observed difference in its specific activity as compared with

reaction that exhibits apparent first-order kineti&s,d = that of native MSOX (Table 2).

0.078+ 0.004 minY) (Figure 3). The final specific activity Apparent steady-state kinetic parameters for reconstituted

attained in this experiment (S# 15 units/mg) was-45% MSOX and the native enzyme were determined by monitor-

of that observed with the native enzyme. Somewhat lower ing the rate of hydrogen peroxide formation at various
values (12 units/mL) were obtained after long-term storage. sarcosine concentrations in air-saturated buffer. In these
The results show that apoMSOX could be reconstituted with studies, the enzyme concentration was estimated on the basis
FAD. of the absorption at 454 nm to compensate for differences
Isolation and Properties of FAD-Reconstituted MS@X. in flavin content. Importantly, reconstituted MSOX exhibits
larger-scale reconstitution reaction was conducted. Unboundapparenk..:andK, values that are virtually identical to those
flavin was removed by ultrafiltration, and the preparation observed with the native enzyme (Table 2).
was then centrifuged to remove any insoluble protein. The Effect of FAD Concentration on the Rate of @tent
reconstituted enzyme was isolated #50% yield and Flavinylation. In addition to the covalent flavin linkage, there
exhibited a specific activity (27.0 units/mL) that was 78% are numerous noncovalent interactions between FAD and the
of that observed for the native enzyme (Table 2). The higher protein, as judged by the crystal structure of native MSOX
specific activity of the isolated reconstituted enzyme suggests(10). The observed noncovalent flavin contacts suggested
that inactive protein is removed by centrifugation. The that apoMSOX might form an initial noncovalent complex
absorption spectrum of reconstituted MSOX exhibits maxima with FAD prior to covalent attachment. In this case, the rate
at 454, 373, and 275 nm with a pronounced shoulder at 4750f covalent flavinylation should exhibit saturation kinetics
nm (Figure 4, curve 1), similar to that observed for the native with respect to FAD. To evaluate this hypothesis, apoMSOX
enzyme. was incubated with various concentrations of FAD in the
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Ficure 5: Effect of FAD concentration on the rate of reconstitution. Time (min)

The observed rate of reconstitution was estimated on the basis ofg,sre 6: Formation of hydrogen peroxide during reconstitution
the increase in catalytic activity, as described in the legend of Figure ¢ apoMSOX with FAD or 8-nor-8-chloroFAD. Reactions was
3, except that the FAD concentration was varied in the range from jnitiated by adding apoMSOX (11,8M) to 100 mM potassium
50 to 500uM. phosphate buffer (pH 8.0) containing 0 or 50M FAD or 500
uM 8-nor-8-chloroFAD, horseradish peroxidase (18 units/mL),
range from 50 to 50M. The rate of reconstitution was Amplex Red (80uM), and 0.4% dimethyl sulfoxide at 23C.
measured by monitoring the time-dependent increase in Hydrogen peroxide formation was monitored by following the

; g : oxidation of Amplex Red at 563 nm. The spectral change observed
catalytic activity. Contrary to our expectation, the observed in the presence of FAD (red line) was fitted to a biphasic

apparent first-order rate constants exhibited a linear exponential equation (black line). The spectral change observed in
0.97) dependence on the FAD concentration (Figure 5). the absence of FAD (green line) was fitted to a single-exponential
However, the plot does not go through the origin, suggesting equation (black line). The blue line shows the spectral change

that covalent flavin attachment may involve initial formation °observed with 8-nor-8-chloroFAD.
of an unstable apoMSORKAD complex. An apparent . .
u P piex bp of FAD [k = (5.8+ 0.2) x 10-2 min-1 (Figure 6). The fast

second-order rate constant of 139 Mnin~! was estimated . .
phase of hydrogen peroxide formation was 1.8-fold faster

from the slope of the plot in Figure 5. o . i
Catalvii P . Ibp' dg d is ob d with than the rate of reconstitution, as estimated on the basis of
atalytic activity, albeit at reduced rates, Is observed With ¢ jcrease in enzyme activity observed under nearly the

mutant forms of other enzymes that bind flavin noncovalently same conditionsk(= 0.078= 0.004 mirt* at 5004M FAD).

when the normal flavin attachment site is eliminated by, ever hydrogen peroxide assay mixtures included a small
mutagenesis28—32). These studies suggested that addition amount of dimethy! sulfoxide (0.4%), the solvent used to

of FAI.D to the f:atalytlc assay mixture might S“”."“'at? prepare stock solutions of Amplex Red. The rate of recon-
sarcosine oxidation by apoMSOX. FAD concentrations in stitution was, therefore, remeasured in the presence of 0.4%
the range from 25 to 100@M were tested. No effectonthe  yine i sulfoxide by monitoring the increase in enzyme
initial rate of sarcosine oxidation was detected, consistent activity. The rate observed under these conditiéns 0.120
with very weak noncovalent binding of FAD to apoMSOX. + 0.006 miml) was in good agreement with the value
Is a Reduced Flan Intermediate Formed during Recon-  optained for the fast phase of hydrogen peroxide formation.
stitution of ApoMSOX with FADCovalent flavin attachment  The amount of hydrogen peroxide produced in the fast phase
is postulated to involve the formation of a reduced flavin (3.6 nmol/mL) was stoichiometric with the amount of
intermediate (Scheme 1, intermediate Il). We reasoned thatreconstituted MSOX formed under the same conditions (3.5
rapid oxidation of the putative reduced flavin intermediate nmol/mL), as estimated on the basis of the increase in
should occur under aerobic conditions, accompanied by thecatalytic activity.
reduction of oxygen to hydrogen peroxide. Control studies  The spectral course of the reconstitution of apoMSOX with
showed that the amount of hydrogen peroxide could be FAD was monitored under anaerobic conditions in an attempt
measured in the presence of excess FAD by using ato directly detect the postulated reduced flavin intermediate.
horseradish peroxide-coupled assay with Amplex Red as thea very high concentration of apoMSOX (278/) was used
chromogenic substrate. Oxidation of Amplex Red to resorufin in this experiment to achieve an appreciable reaction rate at

results in a large increase in absorbance at 563&w¥{=  a moderate FAD concentration (120M) that would be
52200 M* cm), a wavelength where FAD exhibits  compatible with spectral measurements using a cuvette with
minimal absorbance. a light path of 1 cm. Indeed, the anaerobic reaction of

Significantly, hydrogen peroxide formation was initiated apoMSOX with FAD resulted a time-dependent reduction
by the addition of apoMSOX to reaction mixtures containing of the flavin (Figure 7). The amount of reduced flavin formed
excess FAD, horseradish peroxidase, and Amplex Red, ag55.8 uM) was estimated on the basis of the observed
judged by the time-dependent increase in absorbance at 563lecrease in absorbance at 450 nm and the difference in the
nm. The reaction exhibited biphasic kinetics with 85% of extinction coefficient between free oxidized FAD and
the observed change occurring in the initial fast ph&gg (  MSOX-bound reduced FADAesso = 10 300 Mt cm™?).
= 0.1424 0.002 minY), followed by a 20-fold slower phase  This value is~50% of the value calculated for the amount
[keiow= (7.3+ 0.1) x 10-3min~Y]. The slow phase is largely  of reconstituted MSOX (124.,6M), as estimated on the basis
attributable to a blank reaction observed when apoMSOX is of the increase in catalytic activity. This discrepancy may
added to hydrogen peroxide assay mixtures in the absencée due to difficulties in removing oxygen from a very
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FIGURE 7: Anaerobic reconstitution of apoMSOX with FAD. Curve  FIGURE 8: Comparison of the spectral properties of free 8-nor-8-
1 is the absorption spectrum recorded |mmed|ate|y after mixing chloroFAD (CUrVe l) with those of 8'npr-8-Ch|0rOFAD-reCO.nStltUted
276 uM apoMSOX with 120uM FAD in 100 mM potassium MSOX (curve 2). Curve 3 was obtained after denaturation of the
phosphate buffer (pH 8.0) containing 50 mM glucose and glucose reconstituted enzyme it3 M guanidine hydrochloride. Spectra
oxidase (0.5 unit/mL) at 23C. Curves 2-6 were recorded 2.5,  Were recorded in 100 mM potassium phosphate buffer (pH 8.0) at
5.0, 10.0, 20.0, and 144 min, respectively, after mixing. Curve 7 23 °C and are normalized to thfs same flavin concentration (21.8
was recorded after the cuvette was opened to air. All spectra are#M). The inset shows the difference spectrum obtained by

corrected for the residual absorbance of apoMSOX (see curve 1 ofsubtracting the spectrum of free 8-nor-8-chloroFAD from that
Figure 2). observed for the intact, reconstituted enzyme.

. . Scheme 2: Covalent Attachment of 8-Nor-8-chloroFAD to
concentrated protein solution that could not be overcome by \1sox via a Mechanism Involving Nucleophilic Aromatic

including glucose and glucose oxidase as an oxygen scav-gpstitution
enger. Immediate oxidation of the reduced flavin was _

. . Cysy5-S R Cys,,s-S R
observed upon aeration of the sample. Comparison of the c,\ N CN. 0 e LGl o
initial spectrum (Figure 7, curve 1) with that observed after M - C\'ﬂ:tg Y —
aeration (Figure 7, curve 7) shows that covalent flavinylation H,C N NH H,C Sn NH
is accompanied by a small bathochromic shift and a small o
increase in the intensity of the 450 nm absorption band of R
free FAD. The observed change is consistent with differences Cys51s°S N /NYO
in the spectral properties of free versus MSOX-bound FAD j@: %/NH * e
(Amax = 450 and 454 nm, respectivelyiso = 11 300 M* AC N !

cmY, andesss = 12 200 Mt cm™1). The magnitude of the 8-nor-8-S-cysteinyl-FAD
observed spectral changfués reoxidized— Aus0 initial = 0.082)
is 73% of the value calculated on the basis of the estimated FAD ana|ogue exhibits a typ|ca| flavin absorption Spectrum
concentration of reconstituted MSOX. with two maxima in the visible regiomfa = 448 and 365
Attempted Reconstitution of ApoMSOX with 5-DeazaFAD nm) (Figure 8, curve 1). Dramatically different spectral
or 1-DeazaFAD 5-DeazaFAD and 1-deazaFAD contain properties are, however, observed after reconstitution of
carbon in place of nitrogen at positions 5 and 1 of the flavin apoMSOX with 8-nor-8-chloroFAD. The reconstituted en-
ring, respectively (see Table 1 for structures). No evidence zyme exhibited a single maximum in the visible region at
for incorporation of 5-deazaFAD or 1-deazaFAD into apo- 475 nm (Figure 8, curve 2) with a shoulder around 460 nm.
MSOX was obtained even after prolonged incubation (24 Denaturation with guanidine hydrochloride shifted the ab-
h) under conditions [50@M flavin in 100 mM potassium  sorption maximun to 480 nm, resulting in a more pronounced
phosphate (pH 8.0) at 2&] where flavinylation is readily ~ shoulder at 460 nm (Figure 8, curve 3). The absorption
observed with FAD. Failure to observe flavinylation with spectrum of the denatured enzyme is virtually identical to
5-deazaFAD or 1-deazaFAD might reflect the inability of that reported for 8-nor-8-(N-acetylcysteinyl)-FAD 23) (see
these derivatives to bind noncovalently to apoMSOX. This Table 1 for the structure). The results suggested that
possibility was investigated by determining whether the flavinylation of the apoprotein had occurred in a reaction
analogues could inhibit covalent attachment of FAD. In these involving nucleophilic displacement of the 8-chloro sub-
experiments, the rate of apoMSOX reconstitution with 100 stituent with a cysteine residue (Scheme 2). Consistent with
uM FAD was monitored by measuring the increase in this hypothesis, a colorless filtrate was obtained after
catalytic activity in the absence or presence of 300 ultrafiltration of the denatured enzyme. The 480 nm-
5-deazaFAD or 1-deazaFAD. The rates of reconstitution in absorbing chromophore was found in the retentate, along with
the presence of 5-deazaFAD and 1-deazaFAD were 45 antdhe MSOX protein. Unlike flavinylation with FAD, the
62%, respectively, of that observed with FAD alone. The postulated nucleophilic displacment reaction with 8-nor-8-
observed competititon clearly indicates that the analogueschioroFAD is not expected to generate a reduced flavin
can bind noncovalently to apoMSOX. intermediate. Indeed, little or no hydrogen peroxide was
Reconstitution of ApoMSOX with 8-Nor-8-chloroFAIhe detected during reconstitution of apoMSOX with 8-nor-8-
8a-methyl group of FAD is replaced with a chlorine atom chloroFAD (Figure 6). Furthermore, flavin reduction was not
in 8-nor-8-chloroFAD (see Table 1 for the structure). This observed when the reaction with 8-nor-8-chloroFAD was
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FicurRe 9: Kinetics of the reaction of apoMSOX with 8-nor-8-  FIGURE 10: Reduction of reconstituted enzymes with sarcosine.
chloroFAD. The reaction was initiated by adding apoMSOX (11.3 Curve 1 is the absorption spectrum of the enzyme reconstituted
uM) to 100 mM potassium phosphate buffer (pH 8.0) containing With 8-nor-8-chloroFAD in 100 mM potassium phosphate buffer
500 M 8-nor-8-chloroFAD at 23C and monitored at 499 nm. ~ (pH 8.0) at 23°C. Curves 27 were recorded 1, 2, 3, 4, 5, and 20
The solid line is a fit of the data®) to a biphasic exponential ~ Min, respectively after addition of 500 mM sarcosine to the aerobic
equation. sample in a tightly stoppered cuvette. No additional change was
observed upon further incubation. (The arrow indicates the direction
conducted under anaerobic conditions. The results provideof absorbance change at wavelengths below 384 nm, the isosbestic

; : _ ; : point of the reaction.) Curve 8 was recorded immediately after
ﬁ:]rli);lgeeV|dence for the formation of an 8-noSghioflavin adding solid dithionite. The inset shows absorption spectra obtained

) with the FAD-reconstituted enzyme under the same conditions.
The absorbance change observed upon denaturation andurves 1 and 2 were recorded before and immediately after,

the spectral properties reported for free 8-nd&-@\- respectively, adding 500 mM sarcosine. No further decrease in the
acetylcysteinyl)-FAD were used to calculate an extinction 454 nm band was observed upon addition of solid dithionite (data
coefficient for the intact reconstituted enzyme at 475 &y ( not shown).

= 25600 Mt cm™1). The enzyme reconstituted with 8-nor-
8-chloroFAD exhibited a somewhat higher flavin-to-protein
ratio than the FAD-reconstituted enzyme but was consider-
ably less active as a catalyst (Table 2). The specific activity
and apparenk., for sarcosine oxidation with the 8-nor-8-
chloroFAD-reconstituted enzyme arel order of magnitude

8-nor-8S-cysteinyl-FAD in the reconstituted enzyme would
not be reducible by substrate. To test this hypothesis, an
aerobic sample of the reconstituted enzyme (0.27 mM
oxygen) was mixed with a large excess of sarcosine (500
mM) in a stoppered cuvette. An isosbestic reduction of the
lower and the apparei, for sarcosine is more than 2-fold covalently bound flavin was observed in a reaction that was
larger than those observed with the native enzyme. pomple_te within 20 min. .However,.further_ reducno_n occurred
Kinetics of the Reaction of ApoMSOX with 8-Nor-8- |mme<_j|ately after add|t|qn of solid d|th|or_1|te (Flgu_re 10).
chloroFAD. Formation of the 8-nor-&thioflavin linkage Regcuon of FAD-reconstituted enzyme (Flgur_e 10, inset) or
is accompanied by a large spectral change. This suggeste(.riw‘t've MSOX (data not shown) with sarcosine under the

9 : . . 0
that it might be possible to directly monitor the kinetics of same _cond|t|ons _resulted in an immediate 89 or 90%’
the flavinylation reaction at an appropriate wavelength, bleaching, respectively, of the absorbance due to the oxidized

despite the presence of excess 8-nor-8-chloroFAD. The ENZyme at 454 nm. No further decrease at 454 nm was

calculated difference spectrum for the reaction exhibits a _?_Ezegggl,;p;?(xf#g?tgroc;rtﬁgilraa\‘/?g';:102:;?230?:2;&?23
maximum at 480 nm and a less intense minimum at 358 nm

: . . and native MSOX can be reduced by substrate. In contrast,
é'i:f']%lﬁ;i f é L?]Zimf‘mwstvjé%nﬁm 32 sCIs?esig Cat;dg(ojggblnergf the~15% of the flavin in the 8-nor-8-chloroFAD-reconstituted
such that the initial absorbance due to 8-nor-8-chloroFAD 3ir;fzeyrg]r?cgainnnoatbt;irfetljnuccsdatb i;?rzorimoet’)sﬁ \jggg\?v?thbﬁrrge
(500uM) was ~1. The flavinylation reaction, monitored at Substrate- versus dithionite-reduced enzvme
499 nm, exhibited biphasic kinetics with 65% of the yme.
absorbance increase occurring in a fast initial phége €

0.48+ 0.02 min1), followed by a 70-fold slower phaskspw PISCUSSION

= (6.8 4+ 1.4) x 103 min~Y] (Figure 9). The fast phase is Biosynthesis of a reconstitutable apoenzyme form of
~6-fold faster than the rate of flavinylation observed with MSOX with a C-terminal affinity tag has been achieved by
FAD at the same concentration. tightly regulated expression using a riboflavin-dependent

MSOX contains three cysteine residues (Cys315, Cys152,strain of E. coli as the host cell. The transformed cells are
and Cys262). Cys315 is the site of covalent flavin attachmentgrown to a desired density at 37C in LB medium
in native MSOX (2) and the only cysteine residue at the supplemented with riboflavin, harvested, washed, and then
active site 10). Cys315 is likely to be the most reactive transferred to unsupplemented LB atI5 for induction of
cysteine in apoMSOX and responsible for the fast phase of MSOX expression. Large amounts of the soluble apoprotein
the reaction observed with 8-nor-8-chloroFAD. Unlike FAD, are produced under these conditions (40 mg/L of culture),
free 8-nor-8-chloroFAD is known to react with thiol33). whereas inclusion bodies are formed at higher induction
This suggested that a non-active site cysteine residue mightemperatures. The pure protein, isolated by a single affinity
account for the slow phase of the MSOX reaction with 8-nor- chromatography step, is predominantly apoMSOX, as judged
8-chloroFAD. This hypothesis predicts that a portion of the by its low residual catalytic activity and visible absorbance.
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A time-dependent increase in catalytic activity is observed substitutions result in a large decrease in redox potential as
upon incubation of the apoenzyme with FAD, accompanied compared with that of unmodified flavil\En, 7 ~ —80 mV;
by the covalent incorporation of FAD t©80% of the level see Table 1). Proton abstraction from the-®ethyl group
observed with the native enzyme. Except for a somewhatis required for formation of the iminoquinone methide
lower flavin content, the spectral and catalytic properties of intermediate (Scheme 1, intermediate 1) in the mechanism
the reconstituted enzyme are virtually indistinguishable from postulated for covalent flavin attachment. The acidity of the
those observed with native MSOX. The results provide 8o-methyl group protons is enhanced by electron delocal-
definitive evidence for autoflavinylation in a reaction that ization from the &-CH,~ carbanion into the flavin ring. This
requiresonly apoMSOX and FAD. Surprisingly, the observed property can account for theelectve exchange of the &
rate of flavinylation exhibits a linear, rather than an methyl group protons with solvent, as reported for free FMN
anticipated hyperbolic, dependence on the concentration ofin D,O (37). Since 5-deazaflavins and 1-deazaflavins are
FAD (k=139 M min~! at 23°C). However, the plot does  much poorer electron acceptors, these substitutions are likely
not intersect the origin, as would be expected for a second-to decrease the acidity of thex8nethyl group protons and
order reaction, suggesting that covalent attachment maytherefore interfere with covalent flavin attachment. Consistent
involve prior formation of an unstable noncovalenfFED with this hypothesis, an enhanced rate of flavinylation of
complex. In contrast, the flavin-binding subunit frgmeresol apoMSOX is observed when FAD is replaced by an analogue
methylhydroxylase exhibits only noncovalent binding with with a higher redox potentidl.
FAD (34). Covalent attachment of FAD is triggered by a  The &-methyl group in FAD is replaced by a chlorine
chaperone-like action of the heme-binding subunit that atom in 8-nor-8-chloroFAD, a substitution that blocks the
induces a conformational change in the flavin-binding subunit normal mode of flavin attachment. Covalent flavin attach-
(13). ment is, however, observed in a reaction thought to involve

Strong evidence for a reduced flavin intermediate in the displacement of the 8-chloro substitutent by a cysteine
flavinylation reaction (Scheme 1, intermediate ) is provided thiolate (Scheme 2), similar to the reaction observed with
by the similar reconstitution rates observed by measuring free 8-nor-8-chloroflavin and various thiolate33]. The
hydrogen peroxide formation or the increase in sarcosine aromatic nucleophilic displacement reaction proceeds via a
oxidase activity, by the observed stoichiometric production quininoid intermediate but does not involve a reduced flavin
of hydrogen peroxide and covalently bound FAD, and by intermediate, unlike the flavinylation reaction with FAD.
the time-dependent reduction of FAD observed when recon- Formation of the postulated 8-nor-8-S-thioflavin linkage in
stitution is conducted under anaerobic conditions. Since thethe apoMSOX reaction with 8-nor-8-chloroFAD is strongly
reaction is facilitated by the apoprotein, flavinylation of supported by the dramatic change in the absorption spectrum
apoMSOX can be regarded as an autocatalytic process. Obf the flavin analogue, the absence of hydrogen peroxide
course, the apoprotein is not a true catalyst since it is formation, and the similar spectral properties observed for
modified during the reaction, analogous to single-turnover reconstituted MSOX and 8-nor8{N-acetylcysteinyl)-FAD.
proteins such a©f-methylguanine-DNA alkyltransferases The covalent flavins in the 8-nor-8-chloroFAD-reconstituted
that repair alkylated DNA by transferring the alkyl group to enzyme and native MSOX are likely to exhibit similar redox
one of their own cysteine residues (35). It is nevertheless potentials, as judged by data reported for the corresponding
interesting that apoMSOX flavinylation and MSOX-catalyzed riboflavin derivatives (8-nor-&-cysteinyl- and 8-S-cys-
amine oxidation both involve formation of a reduced flavin teinyl-riboflavin, respectively; see Table 1). ThelO-fold
intermediate that reacts rapidly with oxygen to generate lower catalytic activity observed with the 8-nor-8-chloro-
oxidized flavin and hydrogen peroxide. FAD-reconstituted enzyme may reflect a structural perturba-

Further insight into the mechanism of covalent flavin tion needed to accommodate the modified Cys3f&vin
attachment was sought in studies with FAD analogues. linkage at the active site.
Flavinylation is not observed with 5-deazaFAD or 1-de-  Flavinylation of apoMSOX with 8-nor-8-chloroFAD oc-
azaFAD, even after prolonged incubation with apoMSOX, curs mainly at Cys315 but also involves a secondary reaction
although the analogues do bind noncovalently to apoMSOX with a 70-fold less reactive, non-active site cysteine (Cys262
as judged by their ability to inhibit flavinylation with FAD.  or Cys152). Evidence for a secondary reaction is provided
The same outcome was reported for 5-deazaFAD witro by the observed biphasic reconstitution kinetics and the
studies with apg-cresol methylhydroxylase36) and apo- presence of flavin in the reconstituted enzyme that cannot
6-hydroxyp-nicotine oxidase X4). Similarly, no flavin be reduced by sarcosine. The fast phase of the reconstitution
incorporation was observed when monoamine oxidase (A reaction is attributed to Cys315. The slow phase is probably
or B) was expressed in a riboflavin-dependent yeast straindue to Cys262 since this residue is partially accessible to
grown in the presence of 5-deazariboflavit6). Reduced solvent, whereas Cys152 is completely buried. The recon-
5-deazaflavins exhibit greatly diminished reactivity with stituted enzyme contains only slightly more flavin than the
oxygen as compared with unmodified flavins. It has been enzyme reconstituted with FAD (0.68 and 0.61 mol of flavin/
suggested that the failure to observe covalent attachment ofmol of protein, respectively). We estimate that 85% of the
5-deazaFAD to monoamine oxidase can be attributed to theflavin in the enzyme reconstituted with 8-nor-8-chloroFAD
inability of the reduced flavin intermediate to be reoxidized can be reduced by substrate, as judged by the extent of
(16). This hypothesis cannot account for the results obtained bleaching of the flavin absorbance at 475 nm observed with
with apoMSOX and 1-deazaFAD since reduced 1-deazafla-the sarcosine- or dithionite-reduced enzyme. The fast phase
vins exhibit high reactivity with oxygen, similar to that
observed with unmodified flavin. 5-Deazaflavins and 1-dea- 25 Hassan-Abdallah, R. C. Bruckner, G. Zhao, and M. S. Jorns,
zaflavins do, however, have one property in common. Both unpublished results.
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of the reconstitution reaction, however, accounts for 65%
of the spectral change observed at 499 nm. A couple of
factors might account for the modest discrepancy in these
values. First, flavinylation at the active site may generate a
more stable protein that is isolated in higher yield than protein
flavinylated at a secondary site. Alternatively, covalently
bound flavin at the active site and the secondary site may
exhibit significantly different extinction coefficients at 475
and 499 nm. Indeed, model studies show that the spectral
properties of 8-nor-&-alkylthio-flavins are extremely sensi-
tive to solvent polarity 27).

Covalent attachment to the native cysteinyl flavin attach-
ment site in monoamine oxidase A is observed when the
protein is expressed in a riboflavin-dependent yeast strain
grown in the presence of 8-nor-8-chlororiboflavitg). In
contrast, covalent flavin attachment of 8-nor-8-chloroFAD
is not observed with apoenzymes in which tyrosyl or histidyl

residues serve as the normal flavin attachment site, as judged 1

by results obtained with apw-cresol methylhydroxylase36)

or apo-6-hydroxye-nicotine oxidase X4), respectively.
Significantly, apoenzyme flavinylation is observed with
8-nor-8-chloroFAD when the native histidyl attachment site
in 6-hydroxy-nicotine oxidase is mutated to cysteir38)

The results suggest that a more potent thiolate nucleophile
is required for the nucleophilic aromatic substitution reactions
with chloride as the leaving group as compared with
nucleophilic addition to the iminogquinone methide intermedi-
ate in the normal flavinylation pathway.

A diverse and expanding group of enzymes, including
numerous drug targets, have been found to contain covalently
bound flavin. Experimental support for postulated intermedi-
ates and a detailed understanding of the role of the protein
moiety in covalent flavin biosynthesis have been limited by
the lack of a robust system for vitro studies. This obstacle
has been overcome by the development of an expression
system that allows for the isolation of substantial amounts
of a reconstitutable apoenzyme. Further study of the auto-
catalytic flavinylation reaction observed with apoMSOX may
serve as a paradigm for other members of this important
category of enzymes.
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