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ABSTRACT. Monomeric sarcosine oxidase (MSOX) ardtmethyltryptophan oxidase (MTOX) are
homologous enzymes that catalyze the oxidative demethylation of sarcd¢imetfylglycine) and
N-methyli-tryptophan, respectively. MSOX is induced in various bacteria upon growth on sarcosine.
MTOX is an E. coli enzyme of unknown metabolic function. Both enzymes contain covalently bound
flavin. The covalent flavin is at the FAD level as judged by electrospray mass spectrometry. The data
provide the first evidence that MTOX is a flavoprotein. The following observations indicate that 8
(S-cysteinyl)FAD is the covalent flavin in MSOX froBacillus sp. B-061&nd MTOX. FMN-containing
peptides, prepared by digestion of MSOX or MTOX with trypsin, chymotrypsin, and phosphodiesterase,
exhibited absorption and fluorescence properties characteristic af-48&ysteinyl)flavin and could be

bound to apo-flavodoxin. The thioether link in the FMN-containing peptides was converted to the sulfone
by performic acid oxidation, as judged by characteristic absorbance changes and an increase in flavin
fluorescence. The sulfone underwent a predicted reductive cleavage reaction upon treatment with dithionite,
releasing unmodified FMN. Cys315 was identified as the covalent FAD attachment site in MSOX from
B. sp. B-0618as judged by the sequence obtained for a flavin-containing tryptic peptide (GAVCMYT).
Cys315 aligns with a conserved cysteine in MSOX from other bacteria, MTOX (Cys308) and pipecolate
oxidase, a homologous mammalian enzyme known to contain covalently bound flavin. There is only one
conserved cysteine found among these enzymes, suggesting that Cys308 is the covalent flavin attachment

site in MTOX.
Monomeric sarcosine oxidase (MSGX(1—4) and N- CHNHGH,C0; + 0, + 1,0 SP% NH.GH.COT + GH,0+ H0,
methyltryptophan oxidase (MTOX)5) are members of a sarcosine

recently recognized family of eukaryotic and prokaryotic = [ [ J "™~ 4 o, + n,o MTOX CI g o= + CHO+ KO,
. . . . . . . N

enzymes that catalyze similar oxidative reactions with various i

secondary or tertiary amino acids. Other family members

include pipecolate oxidase (PIPO9,(7), heterotetrameric Despite the sequence similarity with MSOX, sarcosine is
sarcosine oxidase (TSOX#) and possibly two mitochon- 3 very poor substrate for MTOX which exhibits a preference
drial dehydrogenases, sarcosine (SDH) and dimethylglycinefor aromatic or large aliphatiti-methylated amino acids).
dehydrogenase (DMGDHY( 8, 9.> MSOX (44 kDa) and ~ MSOX is induced in various soil microorganisms upon
MTOX (42 kDa) are the closest homologues in this family, growth with sarcosine as the source of carbon and energy
exhibiting 43% sequence identity. Both enzymes catalyze (1). MTOX is encoded by thé&. coli solAgene which was
the oxidative demethylation df-methyl amino acids using isolated based on sequence homology with MSGX (
oxygen as electron acceptor. Unlike sarcosine, the preferred substrates of MTOX are not
common metabolites. The metabolic roles of MTOXEn

coli and its physiological substrate are unknown. Neverthe-

H
N-methyltryptophan
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DMGDH is attached to a histidyl residue near the NH
terminus via an 8-N3-histidyl linkage §—10).? TSOX, the
most complicated family member, contains four different
subunits and two noncovalently bound coenzymes (FAD,
NAD™) (4, 11). MSOX exhibits modest sequence homology
with the f subunit of TSOX TSOX, 44 kDa) (23%
identity). The covalent flavin in TSOX is at the FMN level
and is attached to a histidyl residue near the middle ofithe
subunit via the same type of linkage found in SDH and
DMGDH (12, 13. PIPOX (44 kDa), a mammalian enzyme,
exhibits 30% identity with MSOX. Its covalent flavin has
not been characterized. Studies with MSOX from two
microorganisms have shown that the covalent flavin is
present at the FAD level but the nature of the covalent
linkage was not determined3). In this paper we show that
the covalent flavin in MSOX fronBacillus sp. B-061&nd

E. coliMTOX is present at the FAD level and attached to a
conserved cysteine near the COOH-terminus via @58
cysteinyl linkage.

EXPERIMENTAL PROCEDURES

Materials Ammonium carbonate, carbenicillin, ethyl ether,
FMN, formic acid, hydrogen peroxide, TCA, Sephadex G-25,
trypsin, o-chymotrypsin type I, N-methyl+-tryptophan,
o-dianisidine, and horseradish peroxidase were from Sigma.
Sodium dithionite was obtained from Fisher. Sarcosine was
purchased from Aldrich. IPTG was from USB. Tryptone and
yeast extract were from Difco. YM30 membranes and
microconcentrators (Microcon-3, Microcon-10, Centricon-
3) were from Amicon. Slide-A-Lyzer cassettes (3 and 10
kDa MWCO) were from Pierce. DEAE Sepharose CL-6B
and phenyl-Sepharose CL-4B were obtained from Pharmacia
Apoflavodoxin fromDesulfaibrio vulgaris was a generous
gift from Stephen G. Mayhew (University College Dublin).

Cell Strains and Plasmid&. coliDH1 was obtained from
the American Type Culture Collection (ATCC 33849).
Plasmid pOXI103 is a derivative of pBR322 containing a
5.3 kb EcaRI—Clal fragment ofBacillus sp. B-061&NA.

It was obtained as a gift from Dr. Masanori Sugiyama
(Institute of Pharmaceutical Sciences, Faculty of Medicine,
Hiroshima University). A 1.6 kiXhd —Bglll fragment from
pOXI103 that contained the gene coding for MSGs6x

(3) was cloned into th&anHl/Sal sites of pUC119. The
resulting construct, pMAW, placed trsmxgene under the
control of thelac promoter and was used to transfofn
coli DH1. Plasmid pESOX1 is a derivative of the vector
pUTE200 with thesolAgene inserted downstream from the
lacUV5 promoter B). E. coli IM109 containing pESOX1
was obtained as a gift from Dr. Haruo Ohmori (Kyoto
University).

Activity and Protein AssaydISOX activity was deter-
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continuous coupled assay using horseradish peroxidase.
Assays were initiated by adding MTOX-(L50 ng of pure
enzyme) to 50QuL reaction mixtures containing 1 mM
N-methyltryptophan, 32@M o-dianisidine, and 2.6 units of
horseradish peroxidase in 50 mM potassium phosphate
buffer, pH 8. Reaction progress at 26 was monitored by
following the increase in absorbance at 460 nm due to the
formation of oxidizedb-dianisidine é460= 6770 M1 cm™1).
A unit of MTOX activity is defined as the formation of 1
umol of HO,/min. During enzyme purification, MSOX and
MTOX protein concentrations were generally determined
using the Bio-Rad micro protein assay with bovine serum
albumin as standard. In the case of MTOX, 1 unit of
absorbance at 280 nm was found to be equivalent to 0.46
mg of protein as determined by the Bio-Rad assay. In some
cases, this conversion factor was used to estimate protein
concentration based on the absorbance at 280 nm. A different
method to determine protein was used when estimating the
stoichiometry of flavin incorporation (vide infra).
Purification of Recombinant MSOXOH1/pMAW was
grown at 37°C in LB media containing carbenicillin (100
©g/mL) to maintain the plasmid; 5 mL overnight cultures,
started from a single colony of freshly transformed cells,
were used to innoculate 500 mL cultures2 L flasks. A
total o 3 L of culture was grown in a shaking incubator at
37 °C and 250 rpm. After approximately 4 h, at &gy ~
0.5, expression of MSOX was induced by addition of IPTG
(48 ug/mL). After 18-20 h, cells were harvested, washed,
and lysed similar to methods described by Chlumsky et al.
(15). All purification procedures were performed at°@
under yellow light by a procedure similar to the initial steps
used to purify the natural enzyme frddacillus sp. B-0618
(16). The lysate was centrifuged for 30 min at 34§60
remove cell debris. The cleared lysate was subjected to
ammonium sulfate fractionation. The yellow-500% am-
monium sulfate pellet was redissolved in 10 mM potassium
phosphate, pH 7.5 (buffer A), containing 50 mM KCI. The
sample was desalted on a Sephadex G25 columnx %8
cm) equilibrated in buffer A containing 50 mM KCI.
Fractions absorbing at 450 nm were pooled and applied to a
5 x 10.5 cm DEAE Sepharose CL-6B column equilibrated
with the same buffer. After loading, the column was washed
with 1 column volume of buffer A containing 50 mM KClI,
followed by 1 column volume of buffer A containing 100
mM KCI. A 5 column volume linear gradient from 0.10 to
0.50 M KCl in buffer A was applied. MSOX eluted between
0.35 and 0.42 M KCI. Fractions with akpgy/Asso ratio less
than 10 were pooled and concentrated on an Amicon
concentrator using a YM30 membrane. The DEAE Sepharose
CL-6B column was regenerated by washinghat M KClI,
and then reequilibrated with buffer A containing 50 mM KCI.
The concentrated enzyme pool was diluted with buffer A

mined in a discontinuous assay based on the amount ofand reapplied to the regenerated DEAE Sepharose CL-6B.

formaldehyde produced. MSOX (.5 ug of pure enzyme)

The column was developed, as described above. MSOX

was added to assay mixtures containing 120 mM sarcosineeluted at the same KCI concentration. Fractions witihag

and 60 mM potassium phosphate, pH 7.7, in a final volume
of 0.5 mL. Reaction mixtures were incubated for 3 min at
37 °C and then quenched by addition of 0.5 mL of 0.5 N
acetic acid. Total formaldehyde was determined by the
method of Nashi4). A unit of MSOX activity is defined

as the formation of lumol of formaldehyde/min.N-
Methyltryptophan oxidase activity was measured in a

Ayso ratio less than 6.0 were pooled, concentrated, and
dialyzed versus buffer A containing 50 mM KCI. Purified
enzyme was stored at20 °C.

Purification of Recombinant MTQXM109/pESOX1 were
grown in LB medium containing carbenicillin (100 mg/mL)
at 37°C. Single colonies of IM109 cells, freshly transformed
with the plasmid pESOX1, were used to inoculate a 100 mL
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Extinction coefficients at 280 nm of denatured MSOX and
MTOX in guanidine hydrochloride at neutral pkz§o =
36 270 and 50 780 M cm ™%, respectively) were calculated
based on the tryptophan and tyrosine content of the proteins
as described by Gill and von Hippédl®) using the ProParam
continued overnight to a finaRsee ~ 6.0. Cells were tool (http://www.expasy.ch/www/tools.html). To determine
harvested by centrifugation at 82p@or 15 min at 4°C. the stoichiometry of FAD incorporation in MSOX and
The cells were washed with phosphate-buffered saline (0.8%MTOX, protein concentration was determined based on the
NaCl, 0.02% KCI, 0.115% Na#PO,, 0.02% KHPO,) and absorbance at 280 nm after enzyme denaturation with 3.0
recentrifuged, and the bright yellow cell pellet11 g) was M guanidine hydrochloride as described above. The absor-
stored at—20 °C. Enzyme purification was conducted at 4 bance at 280 nm was corrected for the contribution expected
°C under yellow light. Cells were thawed in lysis buffer and for free FAD in guanidine hydrochloridefo= 22 900 M™*
disrupted by sonication as previously describ&8).(Cell cm™).
debris was removed by centrifugation (32@pP@o yield a Preparation and Analysis of a Tryptic Digest of MSOX
cell lysate which was subjected to stepwise ammonium A 5 uL aliquot of a solution containing 10.3 mg/mL MSOX
sulfate fractionation. Most of the enzyme was recovered in in 10 mM potassium phosphate buffer, pH 7.5, was mixed
the 50-75% ammonium sulfate precipitate which exhibited with 20 uL of 50 mM ammonium bicarbonate, pH 8.0
a characteristic flavin spectrum when dissolved in 50 mM (AmBi). A 5 uL aliquot of 10 mM DTT in AmBi was added,
potassium phosphate buffer, pH 8.0, containing 1 mM EDTA and the sample was heated at®&Bfor 20 min in the dark.
(buffer B). This fraction was desalted on a Sephadex G-25 A 5 uL aliquot of 50 mM iodoacetamide in AmBi was added
column (2.8x 64 cm) equilibrated with buffer B and then and the sample incubated at room temperature for 20 min in
applied to a DEAE Sepharose CL-6B {513 cm) column the dark. Promega-modified sequencing-grade trypsin (0.1
equilibrated with buffer B. The column was washed with 1 ug/ulL) was added to the reduced and alkylated sample, and
column volume each of 50 and 100 mM KCI in buffer B the mixture was digested overnight at 32. The resulting
and then 2 column volumes of 150 mM KCI in buffer B. peptides were separated using an HP 1090 HPLC system
MTOX was eluted with a linear KCI gradient (26300 mM equipped with a Zorbax {g reversed-phase column (1 mm
KCl in buffer B, 6 column volumes). Fractions were pooled x 150 mm) using the following elution program at 0.345
based on theAxgdAusp ratio, concentrated on an Amicon mL/min: 0—130 min, linear gradient from 100% solvent A,
assembly using a YM-30 membrane, and dialyzed versus0% solvent B to 67.5% solvent A, 32.5% solvent B; 30
buffer B. In some preparations, pure MTOX was obtained 158.7 min, 67.5% solvent A, 32.5% solvent B; 158160.0
at this stage, exhibiting afsd/Asso ratio <7.5 and a single  min, 44.5% solvent A, 55.5% solvent B (flow rate changed
band on 12% SDSPAGE. If not pure, ammonium sulfate  to 0.433 mL/min). Solvent A is 0.060% TFA in water.
was added to a final concentration of 30% by mixing the Solvent B is 0.055% TFA in acetonitrile. Two peaks
enzyme in buffer B with a concentrated ammonium sulfate absorbing at 454 nm were sequenced by Edman degradation
solution in buffer B. The sample was then applied to a on a PE/Applied Biosystems Procise 494HT protein se-
phenyl-Sepharose CL-4B column (2813 cm) equilibrated ~ quencer. Sample digestion and analysis were conducted at
with buffer B containing 30% ammonium sulfate. The the Harvard Microchemistry Laboratory.
column was washed with a 3@% linear gradient of Tryptic—Chymotryptic Flain Peptide Preparations from
ammonium sulfate in buffer B (5 column volumes). MTOX MSOX and MTOXAIl procedures were performed under
was eluted with a 850% linear gradient of ethylene glycol yellow light. D. wulgaris apoflavodoxin was prepared ac-
in buffer B (5 column volumes). Fractions were pooled, cording to the method described by Wassink and Mayhew
concentrated, dialyzed versus buffer B, and stored &@ (19). An aliquot of MSOX or MTOX (11 mg,~250 nmol
°C. of flavin) was precipitated with 5% TCA and centrifuged at

SpectroscopyAbsorption spectra were recorded using a 1000 for 10 min. The yellow pellet was washed with 1%
Perkin-Elmer Lambda 2S spectrometer. Fluorescence meaTCA and then resuspended in 1.2 mL of water. Residual
surements were made using a Perkin-Elmer LS 50 lumines-TCA was extracted with ether (8 4 mL). Residual ether
cence spectrophotometer with excitation at 445 nm and was blown off under argon. The sample was transferred to
emission at 523 nm. The instruments were equipped with a glass ampule, and a concentrated aliquot of ANED;,

starter culture. After overnight growth, 10 mL of starter

culture was added to 500 mL of medium in each of six 2-L
flasks. The cultures were incubated with shaking (250 rpm).
IPTG (125 mg/mL) was added to induce MTOX expression
when the cells achieved a densttypo ~ 0.6. Incubation was

thermostated cell holders maintained at°25
The extinction coefficient of the flavin in MSOX was

pH 8.5, was added to a final concentration of 100 mM. The
sample was purged with argon. Chymotrypsin and trypsin

determined based on absorbance changes observed aftdd.1 mg of each/mg of flavoprotein) were added. The ampule

denaturation at 25C in 5 mM potassium phosphate buffer,

was purged with argon again and flame-sealed. The sample

pH 7.5, containing 25 mM KCI plus 3.0 M guanidine was digested for 20 h at 3TC and then stored at20 °C
hydrochloride or 4.5 M urea. A similar method was used overnight. Upon thawing, proteases were removed using a
with MTOX except that complete denaturation required Centricon-3 microconcentrator. Phosphodiesterase (0.95 mg)
heating for 5 min at 100C in buffer B containing 3 M was added to the filtrate, and the mixture was incubated at
guanidine hydrochloride or 4.5 M urea. Calculations were room temperature for 1.5 h. Phosphodiesterase was removed
made using values determined for the extinction coefficient using a Centricon-3 microconcentrator. The filtrate was
of free FAD in the presence of guanidine hydrochloride or lyophilized using a Savant Speed-Vac concentrator. The
urea €450= 11900 or 11 700 M' cm?, respectively). These  glassy residue was dissolved in a minimum volume of 100
values are slightly higher than observed for free FAD in the mM potassium phosphate, pH 6.0, containing 0.3 mM
absence of denaturantsdy = 11 300 M cm™) (17). EDTA. Aliguots (4) containing~10 nmol of flavin were
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Table 1: Purification of Recombinant MSOX froB coli

total specific
activity protein activity yield purification
step (unitsp (mg)  (units/mg) (%) (x-fold)
lysate? 10800 535 20.2 100 1
(NH4)2SO 10100 380 26.5 94 1.3
Sephadex G-25 10700 378 28.3 99 14
DEAE #1 10200 246 41.4 94 21
DEAE #2 6160 132 46.7 57 2.3

aA unit of activity is defined as the formation of Amol of
formaldehyde/min at 37C under standard assay conditioh$he lysate
was prepared from cells harvestedrfr® L of culture.

mixed with apoflavodoxin (3.15 mg per aliquot), and the
volume of each aliquot was adjusted to 643 by adding

100 mM potassium phosphate, pH 6.0, containing 0.3 mM
EDTA. After 30 min at room temperature, the samples were

cooled on ice. Unbound peptides were removed using a

Microcon-10 microconcentrator and water washes (800

uL) of the retentate. The four retentates were combined.
Apoflavodoxin was removed by precipitation with 5% TCA,
and centrifugation at 100@0for 10 min. The yellow
supernatant contained the purified flavin peptide preparation.
TCA was removed by extraction with ether (8 2 mL),

and residual ether was blown off under argon.

Performic Acid Oxidation and Redugé Cleavage of the
Tryptic—Chymotryptic Flain Peptide PreparationsPerfor-
mic acid (4uL of performic acid/nmol of flavin) was added
to an aliquot of the flavin peptide preparation from MSOX
(6.3 nmol) or MTOX (11.5 nmol). Samples were incubated
on ice for 2 h, lyophilized using a Speed-Vac, and then
redissolved in 35@L of water, similar to that described by
Walker et al. 20). Absorbance and fluorescence properties
were recorded before and after performic acid oxidation.
Anaerobic dithionite reduction of the performic acid oxidized

Biochemistry, Vol. 38, No. 17, 199%591
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Ficure 1. Absorption spectra of MSOX (curve 1) and MTOX
(curve 2). Spectra were recorded at 25 in 50 mM potassium
phosphate buffer, pH 8.0 (MSOX), or in the same buffer containing
1 mM EDTA (MTOX).

Table 2: Purification of Recombinant MTOX froia. coli

total specific
activity protein activity yield purification
step (unitsp (mg) (units/mg) (%) (x-fold)
lysate 16000 1500 10.6 100 1
(NH4)2SO, 8940 662 135 56 1.3
Sephadex G-25 8570 702 12.2 54 1.2
DEAE 6920 373 18.5 43 1.7
phenyl-SepharoSe 5900 163 36.2 37 3.4

a A unit of activity is defined as the formation of dmol of H,O./
min at 25°C under standard assay conditioh$he lysate was prepared
from cells harvested fra 3 L of culture.¢ A portion of the DEAE
eluate (36%) was subjected to phenyl-Sepharose chromatography. Total
protein and activity are normalized to those expected for the entire
DEAE eluate.

after an approximate 3-fold purification procedure which

peptides was conducted in 100 mM potassium phosphate,inyolved ammonium sulfate fractionation and chromatogra-

pH 7.0, as described in Edmondson and Sing#&y. Samples

phy on DEAE and, when needed, phenyl-Sepharose (Table

were SUbjeCted to thin-layer Chromatography before and afterz)_ (|n some preparationS, pure enzyme was obtained after

dithionite reduction using systems described by Jorns et al.
(22).

Mass SpectrometryElectrospray mass spectral analysis
was performed by the Laboratory for Macromolecular
Analysis at the Albert Einstein College of Medicine.

RESULTS AND DISCUSSION

Enzyme PurificationMSOX from Bacillus sp. B-0618
expressed irk. coli under the control of théac promoter,
constitutes about 50% of the protein in crude cell extracts
which are yellow due to the large amount of recombinant
flavoprotein. MSOX was purified by ammonium sulfate
fractionation and ion exchange chromatography (Table 1).
The purified enzyme exhibited a single band on SIPAGE
and a characteristic flavoprotein absorption spectrum with

the DEAE step, and the phenyl-Sepharose step was omitted).
A characteristic flavoprotein spectrum was observed for
purified MTOX which exhibited absorption maxima at 457,
382, and 275 nm and a shoulder at 480 r,(= 13 300

M~ cm™, Axgd/Asso = 7.3) (Figure 1, curve 2). The enzyme
has not been previously isolated from any source. Our results
provide the first evidence that MTOX is a flavoprotein, as
expected based on the observed sequence homology of
MTOX and MSOX and the similar amine oxidation reactions
catalyzed by these enzymes.

Flavin Content of MSOX and MTOXhe flavin prosthetic
groups in MSOX and MTOX were not released into solution
after denaturation with 5% trichloroacetic acid. In each case,
a yellow protein precipitate was obtained. The results show
that the flavin in MTOX is covalently bound, similar to

maxima at 454, 372, and 275 nm and a shoulder around 475MSOX and other members of this amine oxidoreductase

nm (A28JA454 = 5.54,¢454= 12 200 Mt Cmfl) (Figure 1,
curve 1). The observed absorption maxima differ somewhat
from values previously reported for the natural enzyme
isolated fromB. sp. B-0618§453, 360, and 276 nm)L6) or
recombinant enzyme (445 and 366 nr8). (

Yellow cell extracts were also obtained when MTOX was
expressed it. coliunder the control of theacUV5promoter

family. The absorbance of the denatured enzymes at 450 and
280 nm in 3 M guanidine hydrochloride was used to
determine the flavin content, as detailed under Experimental
Procedures. On this basis, MSOX and MTOX were found
to contain 0.87 and 0.85 mol of covalently bound flavin,
respectively, per mole of protein.

The molecular weights of MSOX and MTOX, determined

(JM109/pESOX1). Homogeneous enzyme was generatedby electrospray mass spectrometry, were more than predicted



5592 Biochemistry, Vol. 38, No. 17, 1999 Wagner et al.

Table 3: Electrospray Mass Spectral Analysis of MSOX and A
MTOX

molecular weight (M-H)* (m/2) EEEE
predicted

enzyme observed apoenzyme FAD holoenzyme 488

MSOX 43839 43051 43834
MTOX 41684 40902 41688 s00]

205

based on the gene sequence alone but in excellent agreeme
with calculated values which include a contribution due to
covalently bound FAD (Table 3). The presence of covalently
bound FAD in MSOX fromB. sp. B-0618s consistent with e
previous studies with MSOX from other bacteria where the has
covalent flavin was also shown to be present at the FAD o =r il P i
level as judged by the release of AMP upon mild acid Time (min.)

hydrolysis (3). The mass spectrometry data provided no B
evidence for the presence of apoenzyme in either preparation 1 K"
although a small amount was expected based on the observed*4s4 ”"j NI h

flavin/protein stoichiometry values. The latter were deter- od—" . - ; : e e
mined by using the extinction coefficient of free FAD to Lo e (m?:) e rea @ sl
estimate the concentration of covalently bound flavin in Fioure 2 Reversed-phase chro'mato raphy of a trvtic digest of
denatured samples of MSOX or MTOX. This assumption MSOX. PanelAshowF; the elution proﬁlespo%tained %)/5 moni%oring

may not be strictly correct although previous studies have apsorbance at 205 and 454 nm. The latter profile is shown expanded
shown that the extinction coefficient of riboflavin is not in panel B.

affected by the introduction of a substituent similar to that
contributed by the covalent flavin linkage in MSOX and Table 4: Identification of the Covalent Flavin Attachment Site in

20a

AbsorBance

MTOX (vide infra). MSOX

Identification of the Coalent Flavzin Attachment Site in sample sequence
MSOX MSOX, MTOX, and PIPOX exhibit about 20% peptide
identity with the NH-terminal half of SDH and DMGDH peak 70 GAV-mYs
and contain a conserved histidine (His45 in MSOX) that peak 71 GAV-MVt
aligns with the covalent FAD attachment site in these protein SIKRGAVCMYTKT 320

dehydrogenase8{10).> To determine whether His45 was a Amino acid residues shown in lower case letters indicate data
the site of flavin attachment in MSOX, an enzyme sample an]i_%_r;eg tWhith low confidc;nce. TTr;]e secondary cgtm_porc;efnt It?1 peak 71
was reductively alkylated with iodoacetamide in_ the presence gén:p'oieme(;ﬁ\?ggffg g;‘i'géidez Sﬁ@#erg‘;?dzef'g%gf rin fhg”mary
of DTT and then subjected to an overnight digestion with sequence of MSOX.
trypsin at 37°C. The tryptic digest was chromatographed
on a Zorbax @ HPLC column. Elution profiles, obtained and MTOX tryptic-chymotryptic digests were bound to
by monitoring the absorbance at 205 and 454 nm, revealedapoflavodoxin, as judged by the quenching of flavin fluo-
a number of peaks absorbing at 454 nm (Figure 2). Peak 70rescence (data not shown). After binding to apoflavodoxin,
was selected for sequencing since it exhibited a high valuethe yellow FMN-containing peptides were purified from
for the ratio Ass4/A20s. The amino acid sequence obtained colorless, unbound peptides by microfiltration. Apofla-
for peak 70 coincides with residues 31218 in the sequence  vodoxin was removed by precipitation with 5% TCA which
of MSOX (Table 4). No amino acid derivative was detected released the FMN-containing peptides into solution. After
in the fourth cycle of the sequence which coincides with removal of TCA by ether extraction, the resulting FMN
Cys315. The same sequence was found as a secondarpeptide preparation from MSOX exhibited absorption maxima
component upon analysis of peak 71. (The other peaksat 357 and 451 nm (Figure 4A, curve 1). Similar spectral
absorbing at 454 nm were not analyzed but may reflect properties were observed for the MTOX peptide preparation
incomplete proteolysis, partial hydrolysis of the FAD phos- (Amax= 363 and 450 nm) (Figure 4b, curve 1). In each case,
phodiester linkage, and/or partial oxidation of the sulfur in a hypsochromic shift of the near-UV band is observed as
Cys315.) The results show that the covalent flavin in MSOX compared with riboflavin (372 nm), a feature characteristic
from B. sp. B-0618s attached to a cysteinyl residue, Cys315, of 8a-substituted flavinsZ0, 23-25).
rather than the predicted histidyl linkage. Cys315 is con- There are two known types of covalent flavin linkages
served in MSOX from other microorganisms, MTOX and involving a cysteinyl residue. 6-Cysteinyl flavins, found
PIPOX (Figure 3), and is the only conserved cysteine found in trimethylamine and dimethylamine dehydrogena2e, (
among these enzymes. 27), are readily identified by their unusual absorption spectra.
Identification of the Cealent Flavin Linkage in MSOX These flavins exhibit a single absorption bandlat 300
and MTOX MSOX and MTOX were digested with trypsin . nm [Amax = 437 nm for 6-Gcysteinyl)riboflavin)] @6),
and chymotrypsin under anaerobic conditions and then unlike the typical two-banded flavin absorption spectrum in
treated with phosphodiesterase to convert the covalent flavinthis region. A 6S-cysteinyl linkage can be ruled out for
to the FMN level. FMN-containing peptide(s) in the MSOX MSOX and MTOX since the intact enzymes and the FMN
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Ficure 3: Multiple sequence alignment of MSOX from various sourcBacjllus sp. B-061§MSOX0618), Arthrobacter TE-1826
(MSOXarth),Bacillus sp. NS-129MS0Xs129),Streptomyces sp. KB210-8@WSOXstre)], MTOX fromE. coli, and PIPOX from rabbit.

The alignment was generated using the PILEUP progein The conserved cysteine (Cys315), identified as the covalent flavin attachment
site in MSOX0618, is marked by an asterisk. The conserved histidine that aligns with the histidine covalent flavin attachment site in SDH
and DMGDH is marked by an open circl®), The conserved serine in MSOX0618 and MTOX that aligns with the histidine covalent
flavin attachment site iBTSOX is marked by an open squat8)(
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¢ sulfide dehydrogenase (FCSD30-33). These flavins
exhibit two-banded visible absorption spectra and weak pH-
independent fluorescence which can be increased upon
performic acid oxidation of the thioether linkage to the
sulfone (see Scheme 1).

The flavin fluorescence observed for the FMN peptide
preparations from MSOX and MTOX was the same at pH
7.0 and 3.4, consistent with an&-cysteinyl linkage (Table

Ficure 4: Effect of performic acid oxidation and dithionite on : : ot :
absorption spectra observed for the flavin peptide preparations from5)' In Con.tr'ast, covasler}t flavms with ? h.'St.'dyl Ilnkqgg at
MSOX (panel A) and MTOX (panel B). Unless otherwise noted, the & position [&x-(N*-histidyl) or 8u-(N*-histidyl)] exhibit

spectra were recorded in water. Curve 1 (solid line), untreated & characteristic increase in fluorescence below peS7 24.
peptide; curve 2 (dashed line), after performic acid oxidation; curve The FMN peptide preparations from MSOX and MTOX
3 (dotted line), after reaction of performic acid oxidized peptide ayhibited 30% and 17%, respectively, of the fluorescence
with dithionite in 100 mM potassium phosphate, pH 7.0. observed with riboflavin. The results obtained with the
peptide preparations exhibit two absorption maximalat MTOX peptide preparation agree fairly well with othex-8
>300 nm. &-S-Cysteinyl flavins are found in monoamine  S-cysteinyl flavin-containing peptides which typically exhibit
oxidase (MAQO) A and BZ0, 28, 29 and in flavocytochrome  <10% of the fluorescence observed with riboflavin (Table

Absorbance

300 350 400 450 500 550 600
Wavelength (nm)
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Table 5: Spectral Properties of the Flavin Peptides from MSOX and MTOX and Oth&@ysteinyl-Substituted FlaviAs

absorbance
fluorescence (%) untreated performic acid oxidized
flavin untreated performic acid oxidized Amax(nmM) ratic' Amax (nm) ratid' reference

MSOX peptide 29.4 (30.8) 53.7 (61.29 357,451 0.75 353, 450 0.83 this paper
MTOX peptide 17.5(17.4) 51.8 (53.09 363, 450 0.72 353, 450 0.84 this paper
8a-S-cysteinylriboflavin 10 90 367, 448 0.71 354, 448 0.83 20
MAO peptide

SGQCY 10 70-80 367, 448 0.72 354, 448 0.84 20, 28
ChromatiumFCSD peptides

TCT 5 50 365, 451 0.72 30, 3)

YTCT 1 5 366, 454 0.69
ChlorobiumFCSD peptide

VTCPFSN <6 70 366, 449 0.72 352, 452 0.77 33

a At neutral pH, unless otherwise indicatédRelative to riboflavin.® Values in parentheses were obtained a pH BRatio = €(Amaxaxx/€(Amaxax)-

5). The higher fluorescence observed for the MSOX peptide structure 85). More than a dozen residues at or near the
preparation and the hypsochromic shift of the near-UV active site of MSOX, including a subset of five residues
absorption maximum as compared with othex-8cys- likely to bind sarcosine or assist in its oxidation, are
teinylflavins (Table 5) are probably due to partial oxidation conserved in MTOX and PIPOX. The results strongly suggest
during the aerobic apoflavodoxin purification step. A similar that Cys308 is the site of attachment of the &-cysteinyl)-
air sensitivity has been observed for the MA@OY and FAD identified in MTOX and that a similar linkage will be
FCSD @0) flavin peptides. found for covalent flavin in PIPOX and MSOX from other
Performic acid oxidation of the MSOX or MTOX peptide  bacteria.
preparations resulted in an approximately 2- or 3-fold The subset of five putative catalytic residues in MSOX
increase in flavin fluorescence, respectively. Consequently, are conserved in the subunit of TSOX, a finding that might
the oxidized MSOX and MTOX peptides exhibited similar appear difficult to reconcile with the fact that the covalent
fluorescence intensity relative to riboflavin (560%) (Table flavin in TSOX is &x-(N*-histidyl)FMN (13) rather than 8-
5). The relative fluorescence observed for the oxidized (S-cysteinyl)FAD. However, theoncasalentlybound FAD
peptides was somewhat lower than the sulfone derivative ofin TSOX is the flavin which accepts electrons from sarcosine
8a-S-cysteinylriboflavin (90%)Z0). However, studies with ~ which are then transferred to the covalent FMN where
synthetic 84) and naturally occurring peptides (Table 5) oxygen is reduced to hydrogen peroxi@&&<{ 38). Various
show that the fluorescence of the sulfone can vary dependingobservations suggest that the noncovalent FAD binds to
on the structure of the peptide, particularly in the case of STSOX and acts as the structural equivalent of the covalent
tyrosyl-containing peptides. Performic acid oxidation of the FAD in MSOX whereas the covalent FMN binds at an
MSOX and MTOX peptides also resulted in an expected interface betweepp TSOX and another subuni8).?
hypsochromic shift of the near-UV absorption band (curve A conserved histidine in MSOX (His45), MTOX, and
2 in Figure 4A,B). The absorption properties of the oxidized PIPOX aligns with the histidine that serves as the covalent
MSOX and MTOX peptide preparations are in good agree- FAD attachment site in SDH and DMGDH. Interestingly,
ment with those reported fora8(S-cysteinylsulfone)ribo- although the conserved histidine in the oxidases does not
flavin and various sulfone-containing peptides (Table 5). serve the same function as in the dehydrogenases, His45 in
A cleavage reaction is observed upon reduction of the MSOX is spatially near the covalent flavin linkage at Cys315
sulfone derivative of & S-cysteinylriboflavin with dithionite, and may play a role in covalent flavinylatior85). An
yielding riboflavin and cysteine sulfinate as produc2g)( autocatalytic flavinylation mechanism with His45 acting as
(see Scheme 1). Spectra observed after dithionite reductiona proton acceptor has recently been proposed for MB)X (
of the performic acid-oxidized MSOX or MTOX peptides analogous to autocatalytic flavinylation mechanisms postu-
(curve 3 in Figure 4A,B) exhibited a 10 or 13 nm batho- lated for attachment of histidyl and tyrosyl residues to the
chromic shift, respectively, of the near-UV band and a 5 8a-methyl group of FAD in 6-hydroxynicotine oxidase and
nm hypsochromic shift of the 450 nm band, as expected for p-cresol methylhydroxylase, respectiveB9( 40.
release of unmodified FMN. Thin-layer chromatography  8a-(S-Cysteinyl)FAD has previously been found only in
showed that dithionite reduction generated a fluorescenta few enzymes, mammalian MAO A and BQ, 28, 29 and
compound which comigrated with authentic FMN. the bacterial flavocytochrome FCSBQO-33). The presence
ConclusionsMSOX from Bacillus sp. B-061&nd MTOX of 8a-(S-cysteinyl)FAD in MSOX, MTOX, and probably
from E. coli have been found to contain 1 mol of FAD, PIPOX represents a significant increase in the number of
covalently bound via an&S-cysteinyl linkage. The &- enzymes containing this type of flavocoenzyme. FCSD
(Scysteinyl)FAD in MSOX is attached to Cys315. Cys315 exhibits an NH-terminal covalent flavin attachment site
aligns with a conserved cysteine in MSOX from other which is near an ADP-binding motif and catalyzes a different
bacteria, MTOX (Cys308) and PIPOX (Cys319), and is the type of reaction, as compared with MSOX and its homo-
only conserved cysteine found among these enzymes. Thdogues 41, 42. In contrast, mammalian MAOs catalyze
structure of the MSOX flavocoenzyme determined based onsimilar amine oxidation reactions and contain an ;NH
the biochemical studies described in this paper is in completeterminal ADP-binding motif and a COOH-terminal attach-
agreement with the very recently determined MSOX crystal ment site for 8-(S-cysteinyl)FAD. Mammalian MAOs
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Ficure 5: Multiple sequence alignment of MSOX froBacillus

sp. B-0618 MTOX from E. coli, human MAO B (maob), and
human MAO A (maoa) was generated using the program Clustal
W (44). The figure shows the region of the alignment surrounding
the cysteine covalent flavin attachment site (indicated by an
asterisk).

exhibit some sequence similarity with MSOX, as judged by
alignment scores above the threshold vakie=(0.001) after
iteration 4 of a PStBlast @3) search of the NCBI database.

A multiple sequence comparison of MSOX, MTOX, human
MAO A, and human MAO B using the program Clustal W
(44) shows alignment of their ADP-binding motifs and
cysteine covalent flavin attachment sites. Figure 5 shows the
latter portion of the alignment. Arg49 and Arg52, residues
near the &-(S-cysteinyl)FAD in MSOX @5), are conserved

in MAO A and B.
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