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ABSTRACT: Monomeric sarcosine oxidase (MSOX) is a prototypical member of a recently recognized
family of amine-oxidizing enzymes that all contain covalently bound flavin. Mutation of the covalent
flavin attachment site in MSOX produces a catalytically inactive apoprotein (apoCys315Ala) that forms
an unstable complex with FADKg = 100uM), similar to that observed with wild-type apoMSOX where

the complex is formed as an intermediate during covalent flavin attachment. In situ reconstitution of
sarcosine oxidase activity is achieved by assaying apoCys315Ala in the presence of FAD or 8-nor-8-
chloroFAD, an analogue with ar55 mV higher reduction potential. After correction for an estimated
65% reconstitutable apoprotein, the specific activity of apoCys315Ala in the presence of excess FAD or
8-nor-8-chloroFAD is 14% or 80%, respectively, of that observed with wild-type MSOX. Unlike oxidized
flavin, apoCys315Ala exhibits a high affinity for reduced flavin, as judged by results obtained with reduced
5-deazaFAD (5-deazaFADMHwhere the estimated binding stoichiometry is unaffected by dialysis. The
Cys315Ala5-deazaFADH complex is also air-stable but is readily oxidized by sarcosine imine, a reaction
accompanied by release of weakly bound oxidized 5-deazaFAD. The dramatic difference in the binding
affinity of apoCys315Ala for oxidized and reduced flavin indicates that the protein environment must
induce a sizable increase in the reduction potential of noncovalently bound flsizin 120 mV). The
covalent flavin linkage prevents loss of weakly bound oxidized FAD and also modulates the flavin reduction
potential in conjunction with the protein environment.

Two broad classes of flavoenzymes can be distinguishedenzyme with various inhibitorgl( 13—15). MSOX is a two-
on the basis of the mode of flavin binding. More commonly, domain, 44 kDa protein. The enzyme contains 1 mol of FAD,
the prosthetic group is bound noncovalently. However, an attached to the protein via a thioether linkage between the
ever-expanding number of enzymes are being discovered thaBo-methyl group of the isoalloxazine ring and the sulfur of
contain covalently bound flavin. These enzymes exhibit a Cys315 [&-(Scysteinyl)FAD] (16). FAD is bound in an
wide range of biological functions, including the nonribo- extended conformation with its ADP moiety bound to the
somal biosynthesis of peptidyl antibiotics, ion pumping, and flavin domain. The isoalloxazine ring of FAD is bound at
metabolism of biogenic amine$+3). Monomeric sarcosine  the bottom of a cleft between the flavin and catalytic
oxidase (MSOX)is arguably the best characterized member domains. In addition to the covalent linkage, there are
of a family of enzymes that all contain covalently bound numerous hydrogen-bonding and electrostatic interactions
flavin and catalyze oxidation reactions with various amine petween FAD and the protein.
substrates4—9). MSOX is an inducible enzyme found in

?a?ggoﬁsa;t%;iavygssﬁ elj(rﬁlea}[}rgsle}ncilrr:qegogacnotmrr%lgnlrs]o}re achieved by tightly regulated expression of the wild-type
yigly ! enzyme using a riboflavin-dependent strainEscherichia

metabolite that can act as sole source of carbon and energy. . . ;
. ) coli as host cell 17). The isolated apoprotein could be
for many microorganismslQ). The enzyme catalyzes the

oxygen-dependent conversion of sarcosine to glycine, form- reconstituted with FAD in a reaction that proceeded via a

aldehyde, and hydrogen peroxide. MSOX is a key componentredUCEd flavin intermediate and resulted in the covalent

in a creatinine biosensor used in the evaluation of renal mcprp_oranon of FAD, accompanied by th_e formation of a
function and muscle damagé1( 12). stoichiometric amount of hydrogen peroxide. The spectral

High-resolution crystal structures are available for free a.nd catglyti_c .prop.erties of the reconsituted enzyme were
MSOX from Bacillus sp. B-0618 and complexes of the virtually |nd|st|ngwsh_able from those observed W|t_h native
‘ enzyme. These studies show that the covalent flavin linkage
is formed in an autocatalytic reaction that requires only
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Biosynthesis of an apoprotein form of MSOX was recently
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redox properties of MSOX. Direct evidence for such a 30 cycles of 94C for 30 s and 53C for 30 s, followed by
function has been obtained fprcresol methylhydroxylase 2 min at 72°C. The same conditions were used in the PCR
(22), cholesterol oxidase2B), and vanillyl-alcohol oxidase  reaction to join the left- and right-hand fragments for the
(24). A role in redox modulation is also consistent with Cys315Ser mutant, except for the inclusion of a 30 s
results obtained with monoamine oxidase AR5) and preincubation step at 94C. The PCR reaction to join the
fumarate reductas®). In contrast, a major role in raising left- and right-hand fragments for the Cys315Ala mutant was
the flavin reduction potential is assigned to the protein performed by using an Advantage-GC cDNA PCR kit
environment in trimethylamine dehydrogenase where the (Clontech) and the following settings: preincubation for 1
covalent flavin linkage is thought to function primarily min at 94°C; 25 cycles of 92C for 30 s, 68°C for 3 min;

in substrate binding and protecting the enzyme against68 °C for 3 min. The left-hand fragments were generated

inactivation during turnovery). In monoamine oxidase A
the covalent flavin linkage is also found to be important for
protein stability 25). An additional function has been
observed in multisubunit proteins such @sresol methyl-
hydroxylase 22) and heterotetrameric sarcosine oxidé&e (

using 3-ATGACCATGATTACGCCAAGC-3 (start) as
forward primer and STTCGTGTACATGgcGACTGC-3
(Cys315Ala) or 5TTCGTGTACATGCIGACTGC-3(Cys-
315Ser) as backward primer. The right-hand fragments were
generated using 85CAGTCgcCATGTACACGAA-3 (Cys-

where the covalent flavin linkage promotes tight associa- 315Ala) or 3-GCAGTCaGCATGTACACGAA-3 (Cys-

tion of the subunits. In this paper, we address the role of 315Ser) as forward primer and BTAAGTTGGGTAACGC-

the covalent flavin linkage in MSOX fronBacillus sp. CAGG-3 (end) as backward primer. The left- and right-
B-0618 in studies with a mutant form where covalent hand fragments were combined using start and end as
attachment cannot occur. The results provide insight regard-forward and backward primers, respectively. (Mutagenic sites
ing the factors that modulate the redox properties of the in the primers are shown in lower case; codon 315 is
enzyme and evidence for a novel function of the covalent underlined.) The two final PCR products were digested with

flavin linkage.

EXPERIMENTAL PROCEDURES

Materials. Horseradish peroxidase andlianisidine were
purchased from Sigma. 8-Nor-8-chlororiboflavin was a
generous gift from Dr. John Lambooy. 5-Deazariboflavin was
previously synthesized in this laboratory according to the
method of O’'Brien et al.Z8). Recombinant FAD synthetase
from Corynebacterium ammoniageness kindly provided
by Dr. Bill McIntire. Restriction enzymes and T4 DNA ligase
were purchased from New England Biolabs. The?*Co
affinity matrix was obtained from BD Bioscience.

Expression and Purification of Wild-Type Holoenzyme and
ApoenzymeWild-type holoenzyme and apoenzyme were
expressed and purified as previously describ&é (7).
Enzyme activity was measured at 25 using a horseradish
peroxidase coupled assay withdianisidine as the chro-
mogenic substrate, as previously describg éxcept that
the assay buffer was changed to 50 mM Tris-HCI, pH 8.0,

EcadRl andPst, purified, and subcloned between tBedRl
andPst sites of plasmid pUC119. The resulting constructs
were used to transfornk. coli DH1 cells to ampicillin
resistance. For screening, plasmid DNA was isolated from
randomly selected clones using the QiaPrep spin miniprep
kit (Qiagen) and digested witkEcaRl and Pst. For each
mutation, a plasmid (pUSer, pUAIla) that exhibited the
expected insert size was isolated using the Qiagen plasmid
midi kit (Qiagen) and sequenced across the entire insert.
Preliminary studies indicated that neither mutant protein
exhibited catalytic activity. To facilitate isolation, vectors
were constructed for expression of the mutant proteins with
a carboxyl-terminal (Hig)tag. PCR was used to introduce a
Ndd restriction site at the"=end of the mutant genes, delete
the stop codon, and introducexnd restriction site at the
3’ end of the mutant genes. Reactions were performed using
plasmid pUSer or pUAla as templaté; GATATGAGCA-
CACATTTTGATGTCATC-3 (Ndd site is underlined) as
forward primer, 5CTCGAGGATAGTTGTTTTTTGTA-
ACG-3 as backward primerXhd site is underlined), and

unless otherwise indicated. Protein was determined using theTaq DNA polymerase (Qiagen) with the following cycle

Bio-Rad microprotein assaylf). The concentration of

settings: preincubation at € for 2 min; 30 cycles of 94

holoenzyme or apoenzyme was also estimated on the basisc for 40 s, 52°C for 40 s, 72°C for 2 min: 72°C for 30

of flavin absorbance at 454 nray, = 12200 M~ cm™t) or
protein absorbance at 280 nrpdp = 36270 Mt cm™3),
respectively 16).

Mutation of Cys315 to Ala or Ser and Introduction of a
C-Terminal His Tag All PCR reactions were conducted

min. The PCR products were purified and inserted into the
TA cloning vector pCR2.1 (Invitrogen). The resulting
intermediate plasmids were used to transform competent
E. coli cells (INVaF') (Invitrogen). The transformed cells
were screened by growth on plates containing kana-

using a Hybaid Touchdown thermocycler. PCR products and mycin and X-gal. The intermediate plasmids were then
other DNA fragments were purified by agarose gel (1.5%) isolated and digested wittNdd and Xhd. Ndd—Xhd
electrophoresis and recovered using a GeneClean columrestriction fragments containing the desired mutant genes
purification kit (Bio 101 Inc.) or a QIAQuick gel extraction  were then subcloned between tNeld and Xhd sites of
kit (Qiagen). Sequencing was conducted by the Nucleic Acid/ plasmid pET23a (Novagen). The newly formed plas-
Protein Research Core Facility (NAPCORE) at the Children’s mids, pGZ02 (Cys315Ser) and pGZ07 (Cys315Ala), were
Hospital of Philadelphia. used to transfornE. coli BL21(DE3) cells to ampicillin
Mutations were generated by using the plasmid pMAW resistance, screened, and then sequenced across the entire
(16) as template and the overlap extension PCR methodinsert.

described by Ho et al.20). PCR reactions to produce the
left- and right-hand fragments were performed by udtfig
DNA polymerase (Stratagene) and the following settings:

Expression and Purification of Cys315Ala MSOX. E. coli
BL21(DE3)/pGZz07 cells were grown at 28 in LB medium
containing 10Qwg/mL ampicillin until theAsgs reached 0.6.
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Cys315Ala expression was then induced with 0.5 mM IPTG. 2
Cells were harvested approximately 12 h after induction. All 0.06 1 A
steps of the purification were conducted Gl Cells were I A
disrupted by sonication in the presence of protease inhibitors, ~
as described for the isolation of wild-type holoenzyrh6)(

The supernatant obtained after centrifugation was dialyzed
against 50 mM potassium phosphate, pH 8.0, containing 500
mM sodium chloride and 20% glycerol (buffer A). The lysate
was mixed with 20 mL of C% affinity matrix. After being
gently rocked for 45 min, the mixture was poured into a
column containing a bed formed from 5 mL of the o
affinity matrix. The column was washed with buffer A until — 4(')0 ' 5(')0 : 6(')0
the eluate exhibited no detectable absorbance at 280 nm. The Wavelength (nm)
Cys315Ala mutant protein was then eluted gsinl Llinear ] o )
gradient from 20 to 150 mM imidazole in buffer A. Enzyme Ficure 1: Comparison of the visible absorption spectrum of the

L . . Cys315Ala mutant (curve 1) with that observed for wild-type
activity was assayed as described above for wild-type MSOX \isox (curve 2). Spectra were recorded in 10 mM potassium

except for the inclusion of FAD, as detailed in Results. phosphate buffer, pH 7.5, containing 50 mM potassium chloride at
Protein concentration was determined using the Bio-Rad 25 °C and are normalized to the same absorbance at 280 nm.

microprotein assayl@). The concentration of apoenzyme .
was also estimated on the basis of its absorbance at 280 nnieported for the free flavineges = 11500 M cm™) (31).
(€280 = 36270 Mt cmY) (16). Protein concentration was determined on the basis of the
Preparation of FAD Analogue$-Nor-8-chlororiboflavin absorbance observed for the denatured enzyme at 280 nm
and 5-deazariboflavin were converted to the corresponding (€20 = 36270 M'* cm™) (16). The absorbance at 280 nm
FAD derivatives using FAD synthetase, similar to that Was corrected for the contribution due to free 5-deazaFAD
previously describedl). The concentration of stock solu- (€280 = 22600 M+ cm™). The stoichiometry of 5-dea-
tions of the flavin analogues was estimated using the Z&FADH formation in the presence of apoCys321Ala,
following extinction coefficients: 8-nor-8-chloroFARy,;  >-d€azaFAD, and sarcosine was estimated on the basis of
= 10600 ML cmi ! (30); 5-deazaFAD 300 = 11500 M1 the_ ob_served dgqrease in gpsorbance at 401 nm using the
cm* (32). extinction coefficient of oxidized 57deazaFAD since the
Reconstitution of Wild-Type Apoenzyme with FARBac- reduced form does not absorb at this wavelengt). (
tions were conducted at 2& in 50 mM Tris-HCI, pH 8.0,

o
[=]
=
1
=~
-
<

Absorbance

0.02 -

700

containing apoMSOX and various amounts of FAD, as
indicated. Reactions were initiated by addition of apoMSOX.
The kinetics of the reconstitution reaction were monitored

RESULTS

Mutation of Cys315 and General Properties of the
Cys315Ala Mutant/ectors for expression of Cys315Ala or

by withdrawing small aliquots at various times to measure
sarcosine oxidase activity.

Inhibition of Cavalent Flavinylation of Wild-Type Apoen-
zyme by Oxidized 5-DeazaFAReactions were conducted
as described above in the presence of 0, 137.3, or 2238.8
5-deazaFAD. A value for the inhibition constar) was
obtained by fitting the following equation to the datl;ps

Cys315Ser mutant proteins containing a carboxyl-terminal
(His)s tag were constructed to facilitate isolation since
preliminary studies indicated that both mutant proteins were
catalytically inactive. A 44 kDa band, that comigrated with
native MSOX on SDSPAGE, was detected in soluble cell
extracts from cells expressing the His-tagged Cys315Ala or
Cys315Ser mutant protein. The band was observed when
= kim[FAD]/([FAD] + Kg(1 + [5-deazaFADIK))), where expression was induced at 2& but not at 37°C, the
kim is the limiting rate of covalent flavinylation ani, is temperature typically used to induce expression of wild-type
the dissociation constant of the noncovalent apoenzymeMSOX. The Cys315Ala mutant exhibited a prominent 44
complex with FAD. kDa band at the lower induction temperature, similar to that
Reconstitution of ApoCys315Ala with Reduced 5-Deaza- observed with wild-type enzyme at 3T (16). However, a
FAD. Reduced 5-deazaFAD was prepared by reduction with much lower expression level was observed for the Cys315Ser
sodium borohydride, similar to that previously descrilb&t).( mutant. Further efforts were, therefore, focused on charac-
ApoCys315Ala (145uM) was incubated with reduced terization of the highly expressed Cys315Ala mutant.
5-deazaFAD (18%M) for 30 min at room temperature in The Cys315Ala mutant was isolated from cells induced
anaerobic 7.4 mM potassium phosphate buffer, pH 7.5, at 25°C and purified to apparent homogeneity by using a
containing 37 mM potassium chloride. The sample was then Co?* affinity matrix, as judged by SDSPAGE. We obtained
dialyzed overnight against a 300-fold excess of 50 mM Tris- 275 mg from 5 L ofcell culture, a yield comparable to that
HCI, pH 8.0, at 4°C. observed with wild-type MSOX16). The isolated mutant
SpectroscopyAbsorption spectra were recorded using an protein did not contain flavin, as judged by the absence of
Agilent Technologies 8453 diode array spectrophotometer. absorbance in the visible region (Figure 1, curve 1), nor did
To determine the stoichiometry of flavin incorporation, it exhibit sarcosine oxidase activity. This flavin-free form
apoCys315Ala was reconstituted with reduced 5-deazaFAD of the mutant protein will be referred to as apoCys315Ala.
as described above, oxidized by reaction with sarcosine imine  Assay of ApoCys315Ala in the Presence of FM3OX
as described in Results, and then denatured with 3.0 Mactivity is measured by monitoring hydrogen peroxide
guanidine hydrochloride. The concentration of oxidized formation in a horseradish peroxidase coupled assay with
5-deazaFAD was estimated by using an extinction coefficient o-dianisidine as the chromogenic substrate. Although no
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Ficure 2: Effect of preincubation of apoCys315Ala in catalytic

the activity observed with apoCys315Ala. Horesradish peroxidase

assay mixtures containing FAD. Horseradish peroxidase coupledcoupled assays containing FAD (open circles) or 8-nor-8-chloro-
assays containing 2aM FAD were initiated by addition of ~ FAD (closed circles) were initiated by addition of apoCys315Ala;
apoCys315Ala (red curve) or sarcosine (green curve). In the latter réaction rates were measured on the basis of the linear region
case, the apoenzyme was added to the temperature-equilibrate@Pserved after the lag. The solid lines were obtained by fitting a
reaction mixture 60 s prior to sarcosine addition. The dotted straight theoretical binding curve (eq 1) to the data. The inset shows the
lines are drawn through the linear region observed after the initial €ffect of FAD concentration on the observed rate of covalent

lag. Results shown are the average of duplicate assays.

activity was observed with apoCys315Ala in a standard

assay, the mutant protein did exhibit detectable sarcosine

oxidase activity provided that FAD was included in the assay.
This effect is illustrated in Figure 2 (red trace) for results
obtained with the mutant protein in the presence of®6
FAD. These assays exhibit a distinct lag, lasting about 30

flavinylation of wild-type apoMSOX. Incubations of apoMSOX
with FAD were conducted in 50 mM Tris-HCI buffer, pH 8 (closed
circles), or 100 mM potassium phosphate buffer, pH 8.0 (open
squares), at 23C. The solid line was obtained by fitting a
theoretical curve (eq 4) to the data obtained in Tris-HCI buffer.
The dashed line shows a linear regression analysis of the data
obtained in phosphate buffer. The phosphate data were taken from
ref 17.

60 s, followed by a constant rate. In contrast, assays initiated 1able 1: Properties of Noncovalent Complexes of Mutant or

with wild-type enzyme are linear with no evidence for an
initial lag. To investigate the basis for the lag, apoCys315Ala
was added to assay mixtures containing FAD but not

Wild-Type ApoMSOX with Oxidized Flavif

specific activity

sarcosine. After a 60 s incubation, the assay was initiated noncovalent complexes

by addition of sarcosine. The lag was virtually eliminated
by prior incubation of apoCys315Ala with FAD (Figure 2,

green trace); the observed linear rate was only slightly faster

(9%) than that attained in assays initiated by addition of
apoCys315Ala. The results indicate that the lag reflects
binding of FAD to apoCys315Ala.

The results strongly suggested that elimination of the
covalent flavin attachment site in MSOX yields a mutant
protein that binds FAD weakly but can be reconstituted in
situ by including FAD in the assay mixture. Further evidence
to evaluate this hypothesis was sought by monitoring the
activity of apoCys315Ala over a wide range of FAD
concentrations (251000uM). The observed specific activity
was found to exhibit a hyperbolic dependence on the
concentration of FAD (Figure 3, curve 1). Values for the
limiting specific activity in the presence of excess FAD and
the apparent dissociation constant of the Cys315A4®
complex were obtained by fitting eq 1 (SAspecific actvity)

1)

to the data. The specific activity estimated for the mutant in
the presence of excess FAD (&A= 4.1+ 0.1 units/mg) is
about 10% of the specific activity observed with wild-type
MSOX (Table 1). The value obtained for the apparent
dissociation constant of the Cys3154AD complex Kqy

= 100+ 8 uM) indicates that FAD is indeed weakly bound
to the mutant protein. The results obtained with the MSOX
mutant are particularly striking in comparison with the stable

SAyps= SA[FADJ/(Ky4 + [FAD])

MSOX preparation Ka (uM) (units/mg)
Cys315AlaFAD 100+ 8 41+0.1
(6.3+ 0.2y
Cys315Ala8-nor-8-CI-FAD 70+£5 23.2+ 0.5
(35.74+ 0.8y
wild-type MSOX-FAD 100+ 20
wild-type MSOX-5-deazaFAD  15@& 20
native MSOX 448+t 0.4

a All measurements were conducted in 50 mM Tris-HCI buffer, pH
8.0, at 25°C, except as indicated. Parameters for Cys315kalan
complexes were estimated using a horseradish peroxidase coupled assay
containing the indicated flavin, as described in the text. The same assay,
without added flavin, was used to monitor the extent of covalent
flavinylation of wild-type apoMSOX and to measure the activity of
native MSOX. Incubations of wild-type apoMSOX with FAD were
conducted at 23C; the K4 for the noncovalent complex with FAD
was estimated on the basis of the dependence of the observed rate of
covalent flavinylation on the concentration of FAD, as described in
the text. 5-DeazaFAD competitively inhibits covalent flavinylation of
wild-type apoMSOX; th&q for the noncovalent complex with 5-deaza-
FAD was estimated on the basis of the observed value for the
competitive inhibition constant, as described in the teXalues shown
in parentheses are corrected for an estimated 65% reconstitutable
apoprotein in the apoCys315Ala preparation, as discussed in the text.

noncovalent flavin complexes observed with other flavopro-
teins, including analogous mutant forms of enzymes that
normally contain covalently bound flavik2—27). The
phosphate buffers routinely used during MSOX isolation are
likely to further destabilize the Cys315ARBAD complex,

as judged by the 3-fold larger value obtained for the apparent
dissociation constant when the 50 mM Tris-HCI assay buffer,
pH 8.0, was switched to 50 mM potassium phosphate, pH
8.0 Kg = 290 £ 30 uM, SAjm = 6.1 £ 0.3 units/mg).
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Effect of 8-Nor-8-chloroFAD on the Acity Obsewed
with ApoCys315AlaThe 10-fold lower specific activity
observed for the Cys315ARBAD complex as compared with
wild-type MSOX might reflect the lower reduction poten-
tial of FAD as compared with theoBsubstituted flavin
[8a-(S-cysteinyl)FAD] found in wild-type MSOX AE ~
30 mV, as estimated by the reduction potentials of the
corresponding riboflavin derivatived & 19)]. Evidence to
evaluate this hypothesis was sought by replacing FAD in
the assay with an analogue exhibiting a higher reduction
potential, 8-nor-8-chloroFADAE ~ 55 mV, as estimated
by the reduction potentials of the corresponding FMN
derivatives 18, 32)].

An initial lag was observed in assays containing 8-nor-
8-chloroFAD, followed by a linear rate, similar to that
observed with FAD. The specific activity observed with
apoCys315Ala in the presence of 8-nor-8-chloroFAD was
found to exhibit a hyperbolic dependence on the flavin
concentration (Figure 3, curve 2), as observed with FAD.

Hassan-Abdallah et al.

Scheme 1: Stoichiometry of 5-DeazaFAD (5-dFAD)
Reduction Mediated by ApoCys315Ala (E) in the Presence
of Sarcosine ()

E + 5-dFAD <= E*5-dFAD (1)
E*5-dFAD + S <—= E*5-dFAD*S (2)
E*5-dFAD*S <= E*5-dFADH,*IA (3)
E*5-dFADH,*IA == E*5-dFADH, + IA (4)
IA + H,0 —> glycine + CH,0 (5)
?
E*5-dFADH, === E + 5-dFADH, (6)
S+ glycine +
s.gFaD. 20 CHO 5-dFADH, 1= 6
E + 5-dFAD E*5-dFADH, 1=5

aFor reactions 1 and 3, the equilibria are expected to favor the reverse

The value estimated for the apparent dissociation constantieaction, as indicated. Hydrolysis of the labile sarcosine imine (IA)

of 8-nor-8-chloroFAD Ky = 70 &+ 5 uM) is fairly similar

to that obtained with FAD. In contrast, replacing the 8-methyl
group of FAD with an 8-chloro substituent resulted in a 5.7-
fold increase in the limiting value of the specific activity.
The specific activity estimated for the Cys315/&aor-8-
chloroFAD complex (Sfyw = 23.2+ 0.5) is more than 50%
of that observed with wild-type enzyme (Table 1). This

(reaction 5) is essentially irreversible in the absence of excess glycine
and/or formaldehyde. The predicted stoichiometry of 5-deazaFAD
reduction depends on whether 5-deazaFAQBdFADH,) is weakly

or tightly bound to apoCys315Ala, as indicated by the net equations
for reactions 1— 6 or 1— 5, respectively.

pH 8.0. Indeed, the observed rate of reconstitution exhibited
an expected hyperbolic dependence on the FAD concentra-

represents a minimum estimate since the specific activity of tion (Figure 3, inset, curve 1). Values for the apparent

the mutant complex is calculated by assuming that the
apoCys315Ala preparation is 100% reconstitutable. In fact,

dissociation constant of the wild-type enzy&D complex
(Kg = 100 + 20 uM) and the limiting rate of covalent

results described below suggest that this value is probablyflavinylation (kim = 0.26+ 0.02 minl) were estimated by

about 65%.
Noncaalent Binding of FAD to Wild-Type ApoMSO®&ur

previous studies show that the wild-type apoenzyme can be

produced by controlled MSOX expression in a riboflavin-
dependent strain dE. coli. A time-dependent increase in
catalytic activity was observed upon incubation of wild-type
apoMSOX with FAD, accompanied by the covalent incor-
poration of FAD (7). It seemed reasonable to expect that
the flavinylation reaction would involve initial formation of
a noncovalent complex of wild-type apoMSOX with FAD
(eq 2) and that this complex would exhibit a dissociation

K
E + FAD = E-FAD

kIim
E-FAD — E-FAD (covalent)

()
()

constant similar to that observed for the Cys315AkD
complex. In this case, the reconstitution rate observed with
wild-type apoMSOX should exhibit a hyperbolic dependence
on the FAD concentration within the range previously tested
(50-500uM). However, a linear dependence was observed
with a finite y-intercept, suggesting that the putative non-
covalent FAD complex with wild-type MSOX was much

fitting eq 4 to the data. The value obtained for the apparent
(4)

dissociation constant of the noncovalent FAD complex with
wild-type MSOX is, in fact, identical to that observed with
the Cys315Ala mutant (Table 1).

Reaction of ApoCys315Ala with 5-DeazaFAD in the
Presence of Sarcosin®-DeazaFAD is a good structural
analogue for FAD, as judged by results obtained with
numerous other flavoenzyme33). It was therefore likely
that 5-deazaFAD would bind to apoCys315Ala, forming a
relatively weak complex, similar to that observed with FAD
or 8-nor-8-chloroFAD. Although sarcosine might reduce the
Cys315Ala5-deazaFAD complex, we expected that turnover
would be thwarted by the known poor reactivity of reduced
5-deazaflavin toward molecular oxygen. Consistent with this
hypothesis, no activity was observed with apoCys315Ala
when 5-deazaFAD (50&M) was added to the catalytic
assay.

Nevertheless, we reasoned that 5-deazaFAD might act as
a “co-substrate” for apoCys315Ala in a series of reactions
that would result in a net conversion of the oxidized cofactor

Kobs = Kim[FAD)/(Ky + [FAD])

less stable than with the mutant protein. We reasoned thatto reduced 5-deazaFAD (5-deazaFAPPH wo assumptions
this apparent anomaly might be attributable to the phosphateare implicit in the postulated reaction sequence shown by

buffer (100 mM, pH 8.0) used in previous reconstitu-
tion studies with wild-type apoMSOX, as judged by the
destabilizing effect of phosphate buffer (50 mM, pH 8.0)
on the Cys315Al&=AD complex, as described above. To
test this hypothesis, the kinetics of reconstitution of wild-
type apoMSOX were measured in 50 mM Tris-HCI buffer,

egs 16 in Scheme 1: (1) the Cys315AdeazaFAD
complex is reducible by sarcosine; (2) the mutant protein
exhibits a weak affinity for the reduced coenzyme, as
observed with oxidized flavin. Reduction of wild-type MSOX
by sarcosine is essentially irreversib@4). However, due

to the lower reduction potential of 5-deazaflavin, the reverse
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red, blue, and green traces were obtained after addition of 0, 3.0,/min€é at 25°C. The magenta curve is the absorption spectrum
6.1, 9.1, and 12.2M apoCys315Ala, respectively. Panel B: The ©f the reconstituted enzyme in 50 mM potassium phosphate
observed absorbance change at 401 nm (circles) is plotted versuduffer. pH 8.0. The black curve was recorded immediately after

the concentration of apoCys315Ala in the assay. The line was MiXing the enzyme (35@L) with 10 xL of an imine stock solu-
generated by linear regression analysis< 0.978:y-intercept= tion, prepared as described |n.th.e text. The green curve was .recorded
8.91 x 1079). after denaturation of the oxidized sample lwi8 M guanidine

hydrochloride. The dotted black line is the estimated contribu-

. . tion due to light scattering in spectra recorded in the absence
reaction would be favored with Cys315AkadeazaFAD and  of denaturant. The line was generated by linear regression analysis

might prevent accumulation of 5-deazaFAPHortunately, of the 500-600 nm region in the absorption spectrum of
oxidation of Cys315Aleb-deazaFADH by sarcosine imine the oxidized sample (black curve). Inset: The magenta and black
would probably be short-circuited by rapid hydrolysis of the curves were obtained after correcting absorption spectra, recorded

imin reaction that is effectively irreversible in the absen before and after reaction of Cys315MadeazaFADH with sar-
€, areaction that 1s efiectively Irreversibie In the absSence ¢gine imine, respectively, for the estimated contribution due

of excess glycine and/or formaldehyde. to light scattering. For comparison, the inset also shows the observed
To evaluate the postulated reaction sequence, separat@bsorption spectrum of the denatured oxidized sample (green
aliquots of a solution containing 77,AM 5-deazaFAD  CUrve).
and 120 mM sarcosine were mixed with 3.0, 6.1, 9.1, ) )
or 12.2 uM apoCys315Ala. In each case, reduction of Ve surmised that the putative Cys315MialeazaFADH
5-deazaFAD was observed, as judged by the decrease irpomp_lex would act as a sarcosine imine reductase in a
absorbance at 401 nm. No spectral change was detected if€action that should resuit in the oxidation of the bound
a control reaction initiated by addition of buffer instead of flavin. To test this hypothesis, a stock solution containing
protein (Figure 4A). The reactions observed in the presenceSarcosine imine was prepared by incubating 3.0 M glycine
of apoCys315Ala were complete in about 10 min but, With 375 mM formaldehyde for 5 min at 25C. A 10 ul
unexpectedly, reached an apparent end point in the presenc@liquot of the imine stock solution was then mixed with a
of considerable amounts of residual oxidized 5-deazaFAD. 3904L sample of reconstituted enzyme. Immediate oxidation
Interestingly, the magnitude of the observed absorbance©f the reduced flavin was observed, as judged by the
change was found to be proportional to the amount of @Ppearance of an abso_rptlon spectrum characteristic of
apoCys315Ala added to the reaction mixture (Figure 4B). 0Xidized 5-deazaFAD with maxima at 340 and 401 nm
Indeed, the vyield of 5-deazaFARHwvas approximately (Flgl_Jre 5, black curve). No reaction was observed when only
stoichiometric with respect to the amount of apoprotein 9lycine or formaldehyde was added to a sample of recon-
added to the assay ([5-deazaFADapoCys315Ala]= stituted enzyme.
0.65 + 0.05). Formation of a stoichiometric amount of ~ The stoichiometry of flavin incorporation into 5-deaza-
5-deazaFADHwould be consistent with a reaction sequence FADH-reconstituted enzyme was estimated by denaturation
that terminates in the formation ofstablecomplex of the ~ of the imine-oxidized enzyme wit3 M guanidine hydro-
reduced flavin with apoCys315Ala (Scheme 1, egs}, chloride, as detailed in Experimental Procedures. We found
contrary to our original assumption. that the reconstituted enzyme contained 0.63 mol of reduced
Reconstitution of ApoCys315Ala with 5-DeazaFADFb 5-deazaFAD. The results are in excellent agreement with the
directly evaluate the stability of the Cys315Madeaza-  Percentage of reconstitutable apoprotein (65%), estimated on
FADH, complex, the apoprotein was incubated with a modest the basis of the stoichiometry of reduced flavin formation
excess £30%) of reduced 5-deazaFAD and then dialyzed observed upon reaction apoCys315Ala with oxidized 5-deaza-
overnight against a 300-fold excess of flavin-free buffer. The FAD and sarcosine (see Figure 4B).
dialyzed enzyme exhibited an absorption spectrum with a Spectra recorded before or after oxidation of Cys315Ala
maximum at 322 nm (Figure 5, magenta curve). The 5-deazaFADHKwith sarcosine imine exhibit weak absorbance
observed spectral properties suggested that the reconstitutedt wavelengths greater than 470 nm, a feature that is
enzyme contained reduced 5-deazaFAD, as judged byeliminated upon addition of guanidine hydrochloride (Figure
comparison with those reported for the neutral or anionic 5, green curve). The spectral effect is attributed to the
form of free reduced 5-deazariboflavii.fx = 323 or 319 elimination of light scattering due to a small amount of
nm, respectively; K, = 7.2) 31). aggregated protein that is solubilized in the presence of
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guanidine hydrochloride. The absorption spectrum of the Scheme 2: Thermodynamic Cycle for Binding and
oxidized sample was corrected for the contribution due to Reduction of FAD or 5-DeazaFAD [(5-d)FAD] to
light scattering, as described in the legend to Figure 5. The APOMSOX (E)

corrected absorption spectrum is virtually identical to that K4 =150 uM
observed after denaturation (Figure 5, inset). E + (5-d)FAD =—=————> E*(5-d)FAD

The results suggested that reaction of the reconstituted
enzyme with sarcosine imine resulted in the release of
oxidized 5-deazaFAD into solution, as predicted on the basis
of the observed instability of Cys315Ala complexes with
other oxidized flavins. To test this hypothesis, the Cys315Ala
5-deazaFADH complex was oxidized by reaction with
sarcosine imine and then dialyzed against flavin-free buffer.
This resulted in complete loss of the oxidized coenzyme as This outcome was not anticipated on the basis of the
judged by the absence of absorbance of the dialyzed samplerystal structure of wild-type MSOX which shows numerous

-2e1 u +2e-1

E + (5-d)FADH,

-2e1 1l +2e1

<=———== E+(5-d)FADH,
K, < ~10 nM

in the visible region, as observed for the original apoprotein
preparation. ApoCys315Ala and wild-type apoMSOX exhibit
similar dissociation constants for oxidized flavin, as judged
by results obtained with FAD. Oxidized 5-deazaFAD does
not covalently attach to wild-type apoMSOX4) but is
found to competitively inhibit the covalent attachment of
FAD. The observed inhibition constarnd;(= 150+ 20 uM)
indicates that oxidized 5-deazaFAD is weakly bound to
apoMSOX, as observed with other oxidized flavins (Table
1).

An extinction coefficient for enzyme-bound 5-deaza-
FADH, at 322 nm was calculated by using the corrected

hydrogen-bonding and electrostatic interactions between
FAD and the protein13). Unlike MSOX, elimination of the
covalent flavin attachment site in other enzymes typically
results in the production of mutant holenzymes that contain
tightly bound noncovalent flavin in the oxidized state.
Enzymes where this feature has been observed include
p-cresol methylhydroxylase?@), cholesterol oxidase2(),
vanillyl-alcohol oxidaseZ4), trimethylamine dehydrogenase
(27), monoamine oxidase A26), and fumarate reductase
(26). Interestingly, an apparent exception is provided by
results obtained upon mutation of the covalent flavin
attachment site in MSOX fromirthrobacter sp. TE1826

absorption spectra for reduced and imine-oxidized enzyme, (39). Although the flavin content was not reported, the mutant

as shown in the inset to Figure &£, = 13300 Mt cm™).

was probably isolated as an apoprotein as judged by the

A similar value was obtained on the basis of the absorbanceobserved FAD requirement for catalytic activity.

observed for the imine-oxidized sample after denaturation

with guanidine hydrochlorides§,, = 13100 Mt cm™). The
value obtained for enzyme-bound 5-deazaFAEdHs within

The dramatic difference in affinity observed with apoCys-
315Ala for the oxidized and reduced forms of 5-deazaFAD
means that the protein environment must induce a significant

the range expected based on extinction coefficients reportedncrease in the reduction potential of the bound coenzyme,
for the neutral and anionic forms of free reduced 5-deazari- as required by the thermodynamic cycle shown in Scheme
boflavin (323 = 12400 Mt cm! and ez;9 = 12000 Mt 2. The dissociation constant of apoCys315Ala for oxidized
cm L, respectively) 81), assuming a modest perturbation by 5-deazaFAD is likely to be about 150M, as judged by
the protein environment. results obtained with wild-type apoMSOX. The dissociation
constant for reduced 5-deazaFAD is not known, but a value
DISCUSSION of about 10 nM is probably a reasonable upper limit, as
A catalytically inactive apoprotein is produced when the judged by the observed retention of the reduced coenzyme
covalent flavin attachment site in MSOX froBacillus sp. after dialysis against a 300-fold excess of flavin-free buffer.
B-0618 (Cys315) is mutated to Ala. However, the mutant Using values of 15:M and 10 nM for the oxidized and
protein (apoCys315Ala) forms weak noncovalent complexes reduced coenzyme, respectively, we estimate that the protein
with FAD or 8-nor-8-chloroFAD K4 = 100 and 70uM, environment in MSOX induces an120 mV increase in the
respectively) and does exhibit sarcosine oxidase activity reduction potential of noncovalently bound flavin. In tri-
when assayed in the presence of free flavin. A similar, weak methylamine dehydrogenase @200 mV increase in flavin
noncovalent complex with FAD is observed with wild-type reduction potential is attributed to a protein-stabilized but-
apoMSOX K4 = 100uM) where the complex is formed as  terfly bend of the oxidized flavin ring7). In MSOX, redox
an intermediate during covalent flavin attachment. Unlike modulation is probably mediated by the highly electropositive
results obtained with oxidized flavins, reconstitution of active site environment where a number of basic, but no
apoCys315Ala with reduced 5-deazaFAD produced a re- acidic, residues are found near the flavin ring. Flavin O(2)
markably stable Cys315Ai5-deazaFADH complex. The  is hydrogen bonded to theamino group of Lys348. The
estimated stoichiometry of reduced flavin binding (0:63  N-terminus of helixaF4 points toward the N(HO(2)
0.65 mol of 5-deazaFAD#mol of protein) was unaffected  portion of the flavin ring. The side chain of Arg49 is in van
by dialysis. The results indicate that the apoCys315Ala der Waals contact with the flavin ring. A water molecule is
preparation probably contained about 65% reconstitutable hydrogen bonded to both flavin N(5) and thamino group
apoprotein. The Cys315Ala-deazaFADH complex is air- of Lys265 (13). Interestingly, a single positive charge near
stable but readily oxidized by reaction with sarcosine imine. flavin N(1) in choline oxidase is estimated to cause a 30
Complete loss of oxidized 5-deazaFAD is observed upon mV increase in flavin reduction potentiz36).
dialysis of the imine-treated sample. The results show that The 30-50 mV higher potentials observed for amino
the covalent flavin link in wild-type MSOX plays a critical — acylflavin derivatives as compared with unmodified flavin
role in preventing loss of oxidized FAD. (18—21) suggested that the covalent flavin linkage in wild-
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type MSOX would also play a role in modulating the flavin
reduction potential. This prediction is consistent with the
lower specific activity observed for the noncovalent
Cys315AlaFAD complex and the 5.7-fold rate enhancement
obtained when FAD was replaced with 8-nor-8-chloroFAD,
a derivative exhibiting an-55 mV higher reduction potential.
The specific activity of the Cys315A18-nor-8-chloroFAD
complex is about 80% of that observed with wild-
type MSOX when corrected for the estimated fraction of
reconstitutable apoprotein (0.65) in the preparation of
apoCys315Ala.

The results indicate that the flavin reduction potential in
MSOX is modulated by the protein environment and the
presence of a covalent flavin linkage. An approximate value
was calculated for the two-electron reduction potential of
the covalent flavin in wild-type MSOX by assuming that
the protein environment mediates 120 mV increase in
the potential of &-S-cysteinylflavin Emfee = —169 MV)
(19). Is the estimated reduction potentigl{= ~—50 mV)
consistent with the known redox properties of the enzyme?
MSOX forms a thermodynamically stable anionic flavin
radical. Quantitative radical formation is observed upon
reaction of the enzyme with various one-electron reductants
(4, 5). The one-electron potential for the EFAIEFAD;qq
couple has been determindg, & 79.5 mV) (L4). However,

a reliable value for the EFARYEFAD,q couple E;) could

not be obtained, despite considerable efféh approximate
value for E; was calculatedH, = ~—180 mV) using the
estimated and observed values Eyr and E;, respectively.
The difference in potential between the observed value for
E: and that estimated fdg; is quite large AE = ~0.3 V),
consistent with the observed thermodynamic stability of the
MSOX radical.

In summary, a significant protein-mediated increase
in flavin reduction potential is achieved by preferential
binding of reduced flavin to apoMSOX in a double-edged
sword strategy that requires formation of a covalent linkage
in order to prevent loss of the weakly bound oxidized flavin.
A further increase in flavin reduction potential is attained
by covalent flavin attachment in a reaction that requires
ionization of the &-methyl group in the oxidized flavinl().
Interestingly, the elevated reduction potential of the nonco-
valently bound flavin is likely to facilitate covalent attach-
ment because the increased electrophilicity of the flavin ring
will enhance the acidity of thed@methyl group protons. A

delicate interplay of forces has apparently evolved to generate ;7.

a MSOX holoenzyme that is highly stable and also a potent
sarcosine oxidant. It will be interesting to see whether a
similar strategy is utilized by other members of the MSOX
family.
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