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ABSTRACT: Dimethylglycine oxidase (DMGO) is a covalent flavoenzyme frAnthrobacter globiformis

that catalyzes the oxidative demethylation of dimethylglycine to yield sarcosine, formaldehyde, and
hydrogen peroxide. Stopped-flow and steady-state kinetic studies have been used to study the reductive
and oxidative half-reactions using dimethylglycine angla® substrates. The reductive half-reaction is
triphasic. The rate of the fast phase is dependent on substrate concentration, involves flavin reduction,
and has a limiting rate constant of 244'sThis phase also displays a kinetic isotope effect of 2.9.
Completion of the first kinetic phase generates an intermediate with broad spectral signature between 350
and 500 nm, which is attributed to a reduced enzyimgnium charge-transfer species, similar to the
purple intermediate that accumulates in reactions-afnino acid oxidase (DAAO) with alanine. The
second phase (1673 is independent of substrate concentration and is attributed to iminium hydrolysis/
deprotonation. The third phase (2'pis attributed to product release, the rate of which is less than the
steady-state turnover rate (10:6) Flavin oxidation of dithionite- and dimethylglycine-reduced enzyme

by O, occurs in a single phase, and the rate shows a linear dependence on oxygen concentration, giving
bimolecular rate constants of 342 and 201 Mg, respectively. Enzyme-monitored turnover experiments
indicate that decay of the reduced enzynmainium intermediate is rate-limiting, consistent with rate
constants determined from single turnover studies. A minimal kinetic mechanism is presented, which
establishes a close relationship to the mechanism of action of DAAO. The covalent flavin in dimethylglycine
oxidase is identified as amN*-histidyl*8-FAD, and equilibrium titration studies establish a single redox
center that displays typical flavoprotein ‘oxidase’ characteristics.

Amine oxidation is widespread in biology, and a number model systems for investigating the mechanisms of amine
of enzymes have evolved to catalyze these reactions. Theoxidation from structural§—10) and kinetic/spectroscopic
wide distribution of these oxidative reactions reflects the [e.g., (L1—15)] viewpoints.
multiple roles for amine compounds, for example, in cell

grovrvt?r, ﬁanmcierci)gnenensgs, ancti (;;ﬁeregtrlﬁitrl]on,xliDdNA bm?llgg, quinoprotein amine oxidases are reasonably well understood
eurotransmission, and apoptosis ). € Oxidases a and occur through the formation of enzymmubstrate

dehydrogenases responsible for these reactions can b%ovalent adducts with topaguinone or trvotophan trvoto-
grouped broadly into the flavoprotein and quinoprotein paq yptop yp

families. In yeasts and bacteria, these enzymes facilitatephquwnon_e reo_lox ce_nterSlQ, 17). In some cases, the
growth on a number of primary, secondary, and tertiary guinoprotein amine oxidases have become important quels
amine compounds. Owing to the relative ease of purifying fOF the study of hydrogen transfer by quantum tunneling
the bacterial and yeast enzymes, they have become importanft€chanisms 18-20). The oxidation of amines by three
flavoproteins has also been shown to occur by the quantum
T This work was funded by grants from the BBSRC and the Lister transfer of hydrogenld, 21, 22), but the chemical mecha-
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In developing further our interest in the mechanism of
amine oxidases, we have cloned the geh@agd encoding
dimethylglycine oxidase (DMGO), a novel covalent fla-
voprotein oxidase fromArthrobacter globiformisand ex-
pressed and purified the protei2dj. At the sequence level,
DMGO is related to eukaryotic dimethylglycine dehydro-
genase30) and sarcosine dehydrogena3&)( and contains
nucleotide-binding, flavinylation, and folate-binding motifs.
DMGO catalyzes the oxidative demethylation of dimethylg-
lycine in the reaction:

the course of the experiment. Experiments were repeated in
the presence of 200 and 400 mM KCI.

Isolation and Sequencing of Rlaylated PeptideDMGO
(3 mg) contained in 50 mM NBHCO; buffer, pH 7.8, was
added to a solution containing 50 mM Tris-HCI, pH 8.0, 5
mM 2-mercaptoethanol, 5.6 M urea and the protein denatured
by heating the sample at 98C for 25 min. The urea
concentration was reduced to 1 M by the addition of 50
mM NH4HCO; buffer, pH 7.8, and trypsin was added such
that the protease:protein ratio was 1:100. The sample was
incubated at 37C in the dark for 24 h. Peptides produced
from the trypsin-cleavage reaction were separated on a
reverse-phase column (VYDAC catalog #208TP51) fitted
with a guard column (VYDAC catalog #208GD51) using

The reaction is functionally similar to that catalyzed by the &n HPLC system (Agilent model 1100) linked to a photo-
monomeric and heterotetrameric sarcosine oxidases [MSOxdiode array detector. Solvents used were 0.1% trifluoroacetic
(6) and TSOX B2), respectively]. However, at the primary acid (sp[vent A) and 0.1% trifluoroacetic acid in BQ%
structure level, DMGO shows very little sequence identity acetonitrile (solvent B). Flow rate was 0.06 mL/min using
with MSOX and TSOX, suggesting major structural differ- the following gradient: 1% solvent B {010 min), 1-30%
ences between DMGO and the sarcosine oxidases. In thisSolvent B (16-12 min), 36-100% solvent B (1290 min).
paper, we report detailed stopped-flow kinetic studies of Elution of peptides was monitored at 215 and 442 nm
flavin reduction and oxidation in DMGO by dimethylglycine ~ (flavin). Fractions with typical flavin absorbance spectra
and dioxygen, respectively. We also report on the location around 450 nm were collected and subjected to N-terminal
of the covalent link between enzyme and flavin in DMGO, Sequence analysis on an Applied Biosystems model 476A
and a series of equilibrium spectroscopic studies of the Protein sequencer. The isolated peptides were first covalently
enzyme in the presence of ligands, salts, and artificial and attached by the C-terminal carboxylic acid group to Seque-

(CH,),NCH,COOH+ 0, + H,0 —
(CH)NHCH,COOH + HCHO + H,0,

physiological reductants. Our studies establish the kinetic [on-AA membrane (Millipore).

mechanism of DMGO and provide spectroscopic evidence

Identification of the Flain by Nuclear Magnetic Reso-

suggesting the formation of a reduced flavin-iminium charge- Nance SpectroscopPMGO (42 mg) was solubilized in 4
transfer intermediate in the reductive half-reaction, similar M urea and 50 mM Tris-HCI, pH 7.5 (2 mL), and boiled for

to the ‘purple’ intermediate identified in reactions with
DAAO (33—35), tyramine oxidase3p), andL-phenylalanine
oxidase 87). We show that decay of the enzymieninium

10 min. After cooling to room temperature, 0.3% (w/w)
trypsin was added, and the sample was incubated 4C37
for 16 h. The digested protein was then passed through a

charge-transfer intermediate is rate-limiting in steady-state Centricon-10 filtration unit to retain the trypsin and any

reactions catalyzed by DMGO.
EXPERIMENTAL PROCEDURES

Materials, Enzyme Purification, and Determination of
Concentration Recombinant DMGO was purified frofa.
coli strain JM109 transformed with plasmid pEH1 as
described 29). The enzyme concentration was calculated
using a molar extinction coefficient for the oxidized enzyme
of €444 = 12700 M? cm™! (calculated from absorption

measurements of native and guanidine hydrochloride un-

folded enzyme).
Molecular Weight DeterminationHigh-resolution gel
filtration chromatography of DMGO was performed using

a Superdex 200 10/30 HR column on a Pharmacia FPLC

system at £#C. The column was equilibrated with 50 mM
sodium phosphate buffer, pH 7.5, containing 100 mM
potassium chloride (buffer A) and calibrated using low and
high molecular weight gel filtration calibration kits (Phar-
macia) following the manufacturer’s protocols. A calibration
curve was constructed from a plot of log molecular weight
of the native protein againt,. DMGO (25ug) was applied

to the column and eluted with buffer A at a linear flow rate
of 0.25 mL/min; theAyg, of the eluant was monitored during

1 Abbreviations: DMGO, dimethylglycine oxidase; MSOX, mono-

meric sarcosine oxidase; TSOX, heterotetrameric sarcosine oxidase

PHBH, p-hydroxybenzoate hydroxylase; TMADH, trimethylamine
dehydrogenase; DAAy-amino acid oxidase.

undigested DMGO. The filtrate was concentrated using a
Centricon-3 (3 kDa) filtration unit until the volume had been
reduced to 30QL. 3P NMR experiments were recorded
with proton decoupling at 23C using a Bruker DRX 500
spectrometer. Sample conditions were 100 mM Tris-HClI,
pH 7.5, and 10% BD. The sample concentrations were 50
mM for FAD and FMN and 0.35 mM for trypsinised DMGO.
Spectrum acquisition times were 2 min for the flavin samples
and 12 h for DMGO. Free induction decays were apodized
with 10 Hz line-broadening. All measured chemical shift
values are reported relative to an external standard (85%
phosphoric acid).

Preparation of Anaerobic SampleBuffers were made
anaerobic by bubbling argon gas through solutions~f@r
h. Solutions were then placed in an anaerobic glovebox (Belle
Technology) overnight to remove any residual traces of
oxygen. Samples of DMGO were made anaerobic by passing
them through a small gel filtration (Bio-Rad 10 DG) column
housed in the glovebox, which had been preequilibrated with
anaerobic buffer. Solutions of dithionite and substrates were
made by adding the appropriate solid to anaerobic buffer.

Circular Dichroism SpectroscopyCircular dichroism
spectroscopy was performed using a Jasco J-715 spectropo-
larimeter with 1 mm (far-UV measurements) and 10 mm
(near-UV measurements) path lengths atQ0Spectra were

collected (over a wavelength range of either 2260 or
'250-500 nm) with a scan rate of 20 nm/min. Typically, 10

scans were recorded and averaged; no smoothing algorithms
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were employed. Protein sample concentrations were 1 mg/ A
mL (near-UV measurements) and 0.2 mg/mL (far-UV Trypsinised
measurements). DMGO
Steady-State Kinetic AssaiBMGO activity was measured
by monitoring hydrogen peroxide formation using a horse- |
radish peroxidase-coupled ass&@)( Steady-state kinetic R J‘M..m.m.mw“m.“ N
measurements were carried out using a Hewlett-Packard " § ¢ "1 2 & 3 4 & & 10 12 1 15
8452A single beam diode array spectrometehvetl cm
light path. Reactions were performed at 25 in 10 mM B
sodium pyrophosphate buffer, pH 8.5, containing 100 mM FAD
KCI, 0.05%o-dianisidine, 40 1U of horseradish peroxidase,
and a fixed concentration of DMGO. The reaction was
initiated by the addition of dimethylglycine, and initial rates
were calculated from the absorbance increase at 43@.am ( ] L
= 10800 M* cm™1). One unit of activity is defined as the N
amount of enzyme that catalyzes the production giriol "8 6 4 2 0 2 4 6 & 10 12 14 16  ppm
of oxidized dye (lumol of H,O, produced) per minute.
ApparentK, andk.; values were determined by varying the c
concentration of protiated or deuterated dimethylglycine and FMN
fitting the data to the MichaelisMenten equation using the
Grafit software package3g).
Steady-state measurements were also performed using the
enzyme-monitored turnover method as described by Gibson
et al. for reactions catalyzed by glucose oxidasé).( st wa, et ———
Reactions were performed in an Applied Photophysics SX18- 8 6 4 2 0 2 4 6 8 10 12 14 16  ppm
MV reaction analyzer. Solution conditions are described Ficure 1: 3P NMR spectra of trypsin-digested recombinant
under Results. Data analysis was essentially as describedPMGO. Spectrum A, a sample of DMGO (0.35 mM) treated with
elsewhere 39). trypsin as des.crlbed under Experimental Procedures; spectrum B,
Stopped-Flow Kinetic ExperimentStopped-flow experi- FA? (50 mM); spectrum C, FMN (50 mM). Spectra recorded at
Pp . p ) pp ) p 25 °C. Chemical shifts reported are relative to phosphoric acid.
ments of reductive and oxidative half-reactions were per-
formed using an Applied Photophysics SX.17 MV stopped- ) ) o _
flow spectrophotometer. Reaction cell protein concentration known concentration of dioxygen. Oxidative transients were
was 4uM (reductive half-reaction) or GM (oxidative half- ~ monophasic and analyzed using a standard single-exponential
reaction) for single wavelength experiments ang®0for expression.
photodiode array experiments, and reactions were pen‘ormedRESUL_l_S
under anaerobic conditions. For this purpose, the sample-
handling unit of the stopped-flow instrument was contained Location of the Coalent Bond Linking the Flain Co-
within a Belle Technology glovebox. All buffers were made factor to DMGQ The location of the flavin cofacter
oxygen-free by evacuation and extensive bubbling with argon DMGO bond was established by sequencing a flavin-
before use. Buffers were then placed in the glovebox ylated peptide isolated from a tryptic digest of DMGO, and
overnight before use. Unless otherwise stated, measurementby comparison of the sequence with the known sequence of
were carried out at 25C in 10 mM sodium pyrophosphate the enzyme Z9). Based on fluorescence properties, we
buffer, pH 8.5. demonstrated previously that the covalent flavin in
Stopped-flow, multiple-wavelength absorption studies were DMGO is an aN-histidyl-flavin, although the site of
carried out using a photodiode array detector and X-SCAN attachment in the protein was not determined. In this paper,
software (Applied Photophysics Ltd.). Spectral deconvolution we have isolated a flavinylated peptide (identified by its
was performed by global analysis and numerical integration absorbance at 442 nm) during HPLC purification of a tryptic
methods using PROKIN software (Applied Photophysics digest of purified DMGO. Automated Edman degradation
Ltd.). In single wavelength studies, flavin reduction by of this peptide identified the following sequence:
substrate was observed at 444 nm. Transients were triphasiGWNNITVLDQGPLNMPGGSTS*APGLVFQTNP, which
and were fitted using the standard triple exponential expres-corresponds to residues 238 in the sequence of DMGO
sion (eq 1): (29). The asterisk indicates the position of His-48 in the
peptide sequence, which corresponds to the lack of recogniz-
A= Ce st C gt 4 gl (1) able signal during automated Edman degradation. Residue
His-48 in DMGO aligns with histidine residues in both rat
wherekons, Kobsa andKkopss are the observed rate constants and human dimethylglycine dehydrogenase and sarcosine
for the fast, intermediate, and slow phases respectig@ly, = dehydrogenase, which are known to be the sites of covalent
C,, and C; are the relative amplitude values for the three attachment of flavin in these enzyme8). 3P NMR studies
phases, and is an offset value to account for a nonzero of a tryptic digest of the enzyme revealed the presence of
baseline. In studies of the oxidative half-reaction, enzyme two peaks with chemical shifts that are consistent with the
was reduced anaerobically by titration with dithionite or presence of covalent FAD (Figure 1). The native molecular
dimethylglycine and rapidly mixed with buffer containinga mass of DMGO is 216 10 kDa, as determined by analytical

1
ppm
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Ficure 2: Spectra of DMGO in the presence and absence of salts. Panel A, spectrum of DMGO contained in 10 mM potassium phosphate
buffer, pH 7.5, in the absence (spectrum a) and presence (spectrum b) of 200 mM KCI. Panel B, difference spectrum of DMGO (spectrum
in the presence of salt minus spectrum in the absence of salt) for different halide salts of potassium (200 mM). Difference spectrum a, KCI;
difference spectrum b, KBr; difference spectrum c, Kl. Panel C, spectrum of DMGO contained in 10 mM potassium phosphate buffer, pH
7.5, in the absence (spectrum a) and presence (spectrum b) of 200 mM RH;COO. Panel D, difference spectrum of DMGO (spectrum

in the presence of salt minus spectrum in the absence of salt) for different ammonium salts. Difference spectrum a, ammonium acetate (200
mM); difference spectrum b, ammonium bicarbonate (200 mM); difference spectrum ¢, ammonium sulfate (200 mM).

high-resolution gel filtration chromatography, which is different substratestQ). In PHBH, the flavin can exist in at
approximately twice the subunit molecular mass [89 984 Da; least two conformational states: an “in” conformation
(29)]. On the basis of the flavin extinction coefficient (12 700 (observed in the enzymg-OHB complex), where the flavin
M~ cm™1), which suggests a single flavin per subunit, we is buried within the active site of the protein, and an “out”
infer the presence of twaN*-histidyl-FAD moieties per conformation [observed in the wild-type enzyme complexed
enzyme homodimer. with an alternative substrate and in a mutant (Y222%)

Salt Effects on the Absorption Properties of DMGO. OHB complex], where the isoalloxazine ring is more exposed
Purified DMGO in low ionic strength buffer (10 mM  to solvent 40). The effect of various salts on the electronic
potassium phosphate, pH 7.5) exhibits absorption maximaabsorption spectrum of the covalent FAD in DMGO is to
at 352 and 444 nm and a shoulder centered around 464 nnglter the properties of the local environment of the isoallox-
(Figure 2A). The shoulder at 464 nm disappears, and newazine ring. Whether this represents (i) small local confor-
absorption maxima at 346 and 434 nm are observed onmational differences around the FAD isoalloxazine that affect
increasing the ionic strength by the addition of NaCl,;NH  the degree of solvent exposure, (ii) larger conformational
Cl, or KCI (each at 200 mM; Figure 2B). The extent of change akin to that seen in PHBH, and/or (jii) binding of
spectral change is independent of the cation in the chloridethe salt anion close to the flavin isoalloxazine ring remains
salts. The spectral change observed with chloride salts is lessincertain. We are currently addressing this issue by X-ray
pronounced with larger halides (i.e., bromide and iodide; analysis of crystals grown under different solution conditions.
Figure 2B). Addition of ammonium acetate (200 mM) to Additional evidence for altered states of DMGO was
DMGO also induces a change in the spectral properties. Inobtained from circular dichroism measurements (Figure
this case, the shoulder at 464 nm becomes more pronounce®A,B). The far-UV spectra of DMGO in the presence and
compared with DMGO contained in 10 mM potassium absence of NaCl are similar and have a large negative band
phosphate buffer, pH 7.5, alone (Figure 2C). The spectral from 200 to 250 nm with minima at 209 and 220 nm (Figure
change is less pronounced on substituting acetate with sulfate3A). Since this region of the spectrum is dominated by
and bicarbonate in the ammonium salt (Figure 2D). These transitions of the polypeptide backbone, the data indicate the
spectral analyses indicate perturbation of the electronic absence of large changes in protein secondary structure upon
absorption spectrum of the flavin in DMGO in the presence addition of NaCl. Small differences in molecular ellipticity
and absence of different salts. The observed differencewere observed in the near-UV region (Figure 3B). The
spectra (Figure 2B,D) are similar to those observed with spectra in the presence and absence of NaCl have negative
p-hydroxybenzoate hydroxylase (PHBH) in complex with values of ellipticity between 260 and 350 nm; however, the
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30 with sarcosine, thus establishing that the enzyme does not
A have absolute specificity for tertiary amine substrates.

15 1 Reduction by sarcosine, however, was exceptionally slow;

the spectral changes shown in Figure 4D are not equilibrium
0 1 spectra, but show a slow time course (over about 1 h) for
DMGO reduction following addition of sarcosine (20 mM).

157 Stopped-Flow Studies of Rlm Reduction by Dimethylg-
lycine. The reductive half-reaction of DMGO was initially
-307 studied at 25°C under pseudo-first-order conditions using
. . . . . . photodiode array detection (Figure 5). Analyses were per-
200 210 220 230 240 250 260 formed at pH values of 7.5, 8.5, and 9.5 for protiated
Wavelength (nm) dimethylglycine and at pH 8.5 for deuterated dimethylgly-
cine. The time-dependent spectra were fitted globally by
numerical integration methods using Prokin software (Ap-
plied Photophysics). Data collected over a peribd s from
the mixing event were best fitted to a three-step model (A
— B — C — D). Model validity was assessed using the
following criteria: the lack of systematic deviations of the
residual plot; inspection of the calculated spectra to ensure
they make chemical sense in terms of shape and sign;
] \ A / confirmation that the number of significant singular values
A% \f following singular value decomposition is consistent with
6 ' : ' the fitted model.

250 275 300 325 350 . . . .
For protiated dimethylglycine, the conversion of each of
Wavelength (nm) . . o
the enzyme species occurs with similar rates at pH values
Ficure 3: Far- and near-UV circular dichroism spectra for DMGO 75 8.5, and 9.5 (Figure 5). Species A has absorption
in the presence and absence of NaCl. Panel A, far-UV spectra .\, acteristics of oxidized flavin, and clearly represents the
obtained in the absence and presence (100 mM) of NaCl. Panel B, " ' : .
near-UV spectra; solid spectrum, in the absence of NaCl; dashedOXidized enzyme (probably as the substrate Michaelis
spectrum, in the presence of NaCl (100 mM). complex). The calculated spectrum for species A is different
from that of free enzyme in low ionic strength buffer, and
intensity of the signal in this region (specifically from 265 more similar to free enzyme in the presence of 200 mM KCI
to 310 nm) is decreased in the presence of NaCl. Both spectraFigure 2A). The first kinetic spectrum (Figure 5A,C)
have a positive peak centered around 256 nm. This regionsuggests, therefore, that the electronic properties of the flavin
is dominated by contributions from aromatic amino acid have been modified following the rapid binding of substrate
residues some of which might form part of, or lie close to, in the dead time of the stopped-flow instrument. Species B
the flavin binding site in DMGO. has unusual spectral properties in that there is a broad
Titration of DMGO with Dithionite, Sulfite, and Dimeth-  absorption band from about 350 to 500 nm; the bleaching
ylglycine.Anaerobic reductive titrations with sodium dithion-  of flavin absorption suggests the flavin is reduced. However,
ite indicated that DMGO accepts a maximum of two the spectrum is not that expected for a dihydroflavin. That
electrons. Addition of the first electron gives rise to a C—H bond cleavage has occurred on conversion of species
spectrum that is diagnostic of a red flavin anionic semi- A to species B is apparent from the size of the KK&/KP
quinone (Figure 4A); further reduction gives rise to the = 3.9, for the substrate concentration used in this experiment;
spectrum for the hydroquinone. In the conversion of oxidized and see below for value calculated on the basis of limiting
to semiquinone DMGO, the signature for the red anionic rates of flavin reduction) obtained from comparable studies
semiguinone has a maximum absorption at 374 nm, andat pH 8.5 with deuterated dimethylglycine (Figure 5C). The
isosbestic points are observed at 349 and 409 nm. Onspectral properties of species B are similar (albeit at shorter
reduction to the hydroquinone, a single isosbestic point was wavelength) to those reported for the dihydroflavimino
observed at 341 nm. The titration indicates that the redox acid product complexes seen with DAAB3-35), and we
potentials of the FAR sq and FADQynq COuples are suf-  suggest a similar intermediate forms in the reaction of
ficiently separated to allow substantial population of the DMGO. A similar spectral intermediate has also been
semiquinone species under equilibrium conditions. observed in recent studies with amadoriase | fAspergillus
DMGO is a typical flavoprotein oxidase as indicated by sp. @1). In the conversion of species B to C, the characteristic
its reactivity with sodium sulfite (Figure 4B). The dissocia- dihydroquinone spectrum is developed. A small spectral
tion constant (1.6+ 0.13 mM) for the sulfite-protein change occurs in the conversion of species C to species D,
complex was calculated from the absorption changes at 444the origin of which is uncertain. However, the flavin clearly
nm following addition of sulfite (Figure 4B, inset). The remains in the dihydroquinone form. This small spectral
titration indicates that both flavins in DMGO behave change is likely attributable to product release from the
independently. Reduction of the flavin with the substrate enzyme, but its rate of formation is not catalytically important
dimethylglycine proceeds directly and stoichiometrically to in steady-state reactions (see below). Enzyme oxidation is
the two-electron level (hydroquinone) under anaerobic condi- therefore likely to proceed from species C following collapse
tions (Figure 4C, and inset). Reduction was also observedof the enzyme-iminium charge-transfer complex.

Ellipiticity (mdeg)

Ellipticity (mdeg)
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FicurRe 4: Spectral changes for the reductive titration of DMGO with dithionite, sulfite, dimethylglycine, and sarcosine. Panel A, anaerobic
reductive titration with sodium dithionite. Inset, plot of absorbance at 444 and 374 nm against electron equivalents. Panel B, sulfite titration
of DMGO. Inset, plot of absorbance at 444 nm against sulfite concentration. Data are fitted to a single binding id¢6{rertr6(+ 0.13

mM). Panel C, reductive titration of DMGO with dimethylglycine. Inset, plot of absorbance at 444 nm versus mole equivalents of
dimethylglycine. Panel D, kinetic reduction spectra for reaction of DMGO with sarcosine (20 mM). Conditions: 10 mM potassium phosphate
buffer, pH 7.5; 25°C.

On the basis of the spectral changes observed in the6 s! as analyzed using eq 4). The limiting value of the rate
reductive half-reaction, and the KIE observed for the fast constant for the fast phase with deuterated substrateds 84
phase of the reaction sequence, we propose the followingl6 s . The rates for the intermediate-16 s*; species B
minimal kinetic scheme: — C) and slow {2 s7%; species C— D) phases were found
to be independent of substrate concentration (Figure 6C) and
not altered by increasing the ionic strength by the addition
of KCI (100 mM). The limiting value for conversion of A
— B is also unaffected at higher ionic strength, but the
limiting value is approached at relatively higher substrate
concentration [i.e;-4-fold increase (from 11 to 42 mM) in
where Efy, EF,DMG, EFedA, EFed, and Eka areé  1he congentration of substrate required to achieve a rate half
oxidized enzyme, Michaelis complex, the transient reduced ¢ of the Iimiting value for flavin reduction]. These data
enzyme species bound to the putative iminium mtermedlate,Suglgest competitive binding of chloride to the substrate
the reduced enzyme bound to the products of iminium binding site in DMGO.
hydrolysis, and two-electron-reduced enzyme, respectively.  Tha observed rate of formation of the.E-1A complex

The scheme is similar to that proposed previously for the (species B in the diode array experiment) is given by the
reaction of DAAO with p-alanine 84, 42 and for the following equation 43):

reaction of amadoriase #0).

Single-wavelength stopped-flow studies were performed
at 444 nm to investigate the substrate dependence of the
individual phases seen in the diode array experiments and
to obtain further evidence for the proposed kinetic scheme. ) ) ]
Reactions were initially performed in buffer of low ionic Adopting the notation of Porter et ak3), we definea =
strength (10 mM sodium pyrophosphate, pH 8.5), but later Ki(kz + k-2), b = k-1k-3, ¢ = ki, andd = ko + k-2 + k-,
extended to higher ionic strength (10 mM sodium pyrophos- @nd the linear transformation of eq 3 becomes
phate, pH 8.5, 100 mM KCI) to study the potential effects

M o N
EFy. + DMG = EF,,DMG 5= EF JA =

k
EFredeéA4 EFred+ P (2)

_ K[DMG](K; + k_5) + k_jk_,
bs™ K, [DMG] + k, + k_, + k_,

3)

of conformational change on the kinetics of the reductive 1 — cd + d?
kops— b/d ad—Dbc  (ad — bc)[DMG]

half-reaction. Transients at 444 nm were triphasic (Figure
6A), consistent with the photodiode array data described

above. Conversion of species A B is dependent on

substrate concentration (limiting valuelgfs = k, = 244+

(4)

The double-reciprocal plot &,,sfor formation of the Rq—
IA complex versus DMG concentration is linear (Figure 6B),
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Ficure 5: Reaction of DMGO with substrate monitored by stopped-flow diode array spectroscopy. Conditions: 10 mM sodium pyrophosphate
buffer, pH 8.5; 25°C. Enzyme concentration, 20M; substrate concentration, 30 mM. Panel A, time-dependent spectral changes on mixing
DMGO with protiated dimethylglycine at pH 8.5. The experiment is performed over 2 s; the first spectrum is recorded at 1.28 ms. For
clarity, only selected spectra are shown. Panel B, deconvoluted spectra for the reaction shown in panel A. The data were fitted to a three-
step model. The rate constants obtained from global fitting aret18315+ 0.2, and 3.3t 0.2 for steps A~ B — C — D, respectively.

Rate constants obtained at pH 7.5 are #43, 14.9+ 0.2, and 3.7 0.1; rate constants at pH 9.5 are 1#®, 15.6+ 0.3, and 2+ 0.07.

Panel C, as for panel A, but with deuterated dimethylglycine. Panel D, deconvoluted spectra for data shown in panel C. Rate constants, 36.8
+ 0.9, 14+ 0.2, and 3+ 0.1.

indicating that the value di/d [the apparent first-order rate  the kinetic mechanism of DAAO, the kinetic scheme for a
constantk,, for reversal of the reductive half-reactiof3] complete catalytic cycle of DMGO is shown (Scheme 1).
is much less (i.e.,<0.1 s, estimated by performing The oxidative half-reaction can be initiated either at.EF
simulations to assess the valuedfifthat lead to deviations  or at E.q, depending on the value &§[O;]/ks. In single-
from linearity) than the value d§,,s In reactions performed  mixing experiments with two-electron-reduced DMGO (re-
with deuterated DMG, the double-reciprocal plot is linear, duced artificially by titration with dithionite or by titration
but importantly not parallel to that observed with protiated with substrate), transients at 444 nm which report on enzyme
DMG (Figure 6B), which contrasts with observations made reoxidation were monophasic (Figure 8A) and linearly
with DAAO (43). For parallel plots,d?(ad — bo) is dependent on oxygen concentration (Figure 8B). The second-
independent of deuterium substitution and heilgcand this order rate constantk{ in Scheme 1) for dithionite- and
condition is met wherk, + k., > k_; and k; > k... substrate-reduced DMGO is 342 6 and 201+ 3 mM™
However, this condition is not met with DMGO. With s, respectively. The reduction in the second-order rate
DMGO, k; > k_,, which implies that the inequalitit, > constant for substrate-reduced enzyme may indicate that the
k-, does not apply. This finding suggests a large value for rate of the oxidative half-reaction is affected by the products
k-1, which is consistent with the relatively high concentra- of dimethylglycine turnover in the active site of DMGO.
tions (> 100 mM) of DMG required to approach the limiting Steady-State Reactions of DMGS8teady-state reactions
rate for flavin reduction in stopped-flow experiments. of DMGO were performed using the enzyme-monitored
Transients for flavin reduction by sarcosine were es- turnover method 39, 45 and also using a coupled assay
sentially monophasic (Figure 7A), owing to the small rate employing horseradish peroxidase with protiated and deu-
constant for conversion of A> B (i.e., steps B> C and C terated dimethylglycine2Q). Traces for the steady-state
— D are not kinetically resolved). From plots of the turnover of DMGO with different concentrations of reducing
concentration dependence of the rate constant for flavin substrate are shown in Figure 9 (panels A and B). At 444
reduction, the limiting rate of flavin reductiofeq (=0.16 nm, there is a rapid, partial decrease in the absorption,
+ 0.01 s1), and the half-saturating substrate concentration followed by the steady-state phase and then a final decrease
(850 + 100 mM) were determined (Figure 7B). as the fully reduced enzyme is formed owing to depletion
Oxidative Half-Reaction of DMGOThe oxidative half- of molecular oxygen. The inset to Figure 9A indicates the
reaction of DMGO was investigated under single-turnover spectral forms of DMGO at different points in the multiple-
conditions using enzyme reduced stoichiometrically with turnover analysis. Initially, the enzyme is essentially oxidized
either sodium dithionite or dimethylglycine. By analogy with (point A on the trace), but following rapid reduction by
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, ) M- kinetics of the reductive half-reaction of DMGO with sarcosine as
1/[dimethylglycine] (mM-) substrate. Conditions: 10 mM sodium pyrophosphate buffer, pH
2 8.5; 25°C. Enzyme concentration, 4M. Panel A, monophasic
absorption transient at 444 nm observed on mixing DMGO with
20 c sarcosine (600 mM)k.ps = 0.069 s. Panel B, plot illustrating
the concentration dependence of the ratg) of flavin bleaching
16 - N L observed at 444 nm. Limiting rate 0.1460.01 s%; half-saturating
?; . concentration, 85@& 100 mM.
o 121
g Scheme 1
®] EFoP H.0,
4
Y IR S L
0 10 20 30 40 50
[dimethylglycine] (mM) EFoy+DMG == EFpDMG —= EF,ed[A—> EFiea P
Ficure 6: Concentration dependence of the kinetics of the reductive
half-reaction of DMGO. Conditions: 10 mM sodium pyrophosphate
buffer, pH 8.5; 25°C. Enzyme concentration, AM. Panel A,
triphasic absorption transient at 444 nm observed on mixing DMGO H,0, ks
with DMG (10 mM); inset, the early time domain of the transient ks EF o v

indicating the good fit to a standard triphasic rate expression. Lower

panel, plot of residuals from the fit to a triphasic rate expression.

Panel B, plot illustrating the concentration dependence of the rate

(krasy) Of the fast phase observed at 444 nm. Filled circles, protiated of the rate of catalysis as a continuous function of oxygen

substrate (limiting rate 244c 6 s 12; open circles, deuterated  concentration. Figure 10A indicates that a series of parallel
substrate (limiting rate 84k 16 s°). Panel C, concentration  |ineg gre obtained on plotting the reciprocal of the turnover

dependence of the rate for the intermediate and slow phases of the b h | of th
triphasic transients observed at 444 nm. Filled circles, rates for the 'UMber versus the reciprocal of the oxygen concentration.

intermediate phase; open circles, rates for the slow phase. A secondary plot of the ordinate intercept versus dimeth-
ylglycine concentration is shown in Figure 10B. The ordinate

substrate and establishment of the steady-state phase (poirittercept of this secondary plot (1046 0.4 s%) is the true

B on the trace), the spectrum indicates that the enzyme turnover numberk.,, for the steady-state reaction. The true

iminium charge-transfer complex is the predominant species. Ky, for dimethylglycine (2.4+ 0.2 mM) is derived from this

Following depletion of oxygen (point C on the trace), the plot by dividing the value of the gradient by the ordinate

enzyme is in the dihydroquinone form. Figure 9B illustrates intercept. The tru&y, for molecular oxygen (0.044 0.003

the traces obtained at different concentrations of reducing mM) was obtained by taking the slope of any line in Figure

substrate. The analysis of these traces was performed ad0A (in this case the 5 mM dimethylglycine line) divided

described by Gibson et aB). The traces represent a record by the intercept of the line in Figure 10B.
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0 ' ' ' ' FiGURe 9: Enzyme-monitored turnover of DMGO in the stopped-
0 003 0.06 009 012 015 flow instrument. Upper panel, enzyme#) reacted with 10 mMm
[oxygen] (mM) DMG in 10 mM sodium pyrophosphate buffer, pH 8.5;Z5 The
course of reaction was monitored at 444 nm versus time. Arrow A
shows the initial absorption, which is initially rapidly bleached as
a result of flavin reduction, prior to establishing steady-state
conditions. Inset, spectrum of the enzyme recorded with a photo-
diode array detector at the indicated selected points in the time
fitting t hasic rat ion. Panel B. plot of ob q course of the main panel; oxygen concentration was 0.258 mM.
iting 1o @ monopnasic rate expression. Fanel b, plot of ObSeIVed, ,\yer panel, as for upper panel, but with different concentrations

rate of flavin oxidation versus oxygen concentration for dithionite- : :
. ) : of the reducing substrate. Curves 1 to 7 are for DMG concentrations
reduced (filled circles) and substrate-reduced (open circles) DMGO. of 1, 2, 5, 10, 20, 30, and 40 mM, respectively.

Bimolecular rate constants are 342 mM! {dithionite-reduced
enzyme) and 201 mM-$ (substrate-reduced enzyme).

Ficure 8: Kinetics of the oxidative half-reaction of DMGO.
Conditions: 10 mM sodium pyrophosphate buffer, pH 8.57@5
Enzyme concentration,/&Vl. Panel A, monophasic kinetic transient
observed for the oxidation of dithionite-reduced DMGO by mo-
lecular oxygen (0.065 mM). Lower panel, plot of residuals for data

suggesting the formation of a reduced enzyriminium
Owing to limited supplies of deuterated dimethylglycine, charge-transfer intermediate (species B). Deprotonation and
the steady-state behavior of DMGO was also investigated hydrolysis of the iminium charge-transfer intermediate yield
using the more conventional coupled assay employing SPecies C, which we suggest represents two-electron-reduced
horseradish peroxidase. Apparent Michaelis constants forenzyme bound to the products of iminium hydrolysis. The
protiated and deuterated dimethylglycine are 8.8.2 and  ©verall catalytic cycle is shown in Scheme 1, with the
13.3+ 1.4 mM, respectively. The apparent turnover number, reductive half-reaction depicted as the central route frog EF

keas With protiated and deuterated substrate is9.6.2 and (0 EFed’. In Scheme Ik, represents conversion of species
6.9 + 0.3 s, respectively. The kinetic parameters for C to species D, which imposes a kinetic bottleneck and thus

; . ._prevents passage through the lower loop for enzyme oxida-
ff:gtgrt\i?/riltjat-)rsr;[?rfﬁoa:re:edcgpn%a\t/r:rp lri:t”kfgcghose measured usin on during steady-state turnover. Oxidation of enzyme during

steady-state turnover therefore proceeds fromEfhrough
the upper loop of Scheme 1, and our enzyme-monitored

DISCUSSION turnover studies indicate that decay of &R (16 s 1) is

Our stopped-flow studies have established that the kineticthe main contributing step to rate limitation in steady-state
mechanism of substrate oxidation by DMGO is similar to turnover k. = 10.6 s''). The microscopic rate constants
that of DAAO (33—35, 43) and other oxidases36, 37, 41) for those reaction steps of Scheme 1 that have been measured
that form a labile iminium-enzyme charge-transfer inter- in our kinetic studies are given in Table 1.
mediate. The spectral properties of DMGO in stopped-flow  The kinetics of the upper loop in Scheme 1 cannot be
reactions with reducing substrate indicate the presence ofmeasured by standard stopped-flow, single-mixing methods
four enzyme species (AD). Species D is not catalytically because EEP and EEP are transient intermediates and
important since its rate of formation (2% is less than the  cannot be used to initiate the reaction. In principle, the
steady-state turnover number (10:8)sand is attributed to ~ sequential mixing technique could be used to measure the
two-electron-reduced enzyme (i.e., in the absence of boundrate constants for enzyme oxidation from the & inter-
products). The spectral properties on conversion of speciesmediate by dioxygen and product release from oxidized
Ato C seen in our photodiode array experiments are similar enzyme. The method would involve either (i) reduction of
to those observed in kinetic studies with DAA@J, enzyme with stoichiometric substrate to generate transiently
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0.8 the ERedP intermediate occurs at a rate significantly greater
than 16 st
It was not possible to measuke owing to difficulties in

A
) ° generating the labile E&P intermediate for stopped-flow
studies. An approximate value fé¢ was calculated from
- eq 5, and our studies of the oxidative half-reaction have
allowed us to measure directly the valuelkgf The small
021 difference in the value oks measured in experiments

performed with dithionite-reduced and substrate-reduced
enzyme may indicate a mixed population of&gBnd ER.4P

1/ rate (s)
o
-y

0 " j T T " at the start of the stopped-flow experiment with substrate-
0 15 3 45 60 75 90 reduced enzyme. For this reason, the rate constant measured
1/ [oxygen] (mM-) with dithionite-reduced enzyme is likely to be more repre-

sentative of the true value &&. Our kinetic studies have
not allowed us to measule andk-,, although we assume
rapid, bimolecular association of enzyme with substrate. An
upper value for this association (i.e., approximately I0*

s 1) would setk_; at about 10 s™%. This latter value is
determined from approximate fitting of stopped-flow data
using the rapid equilibrium formalism of Strickland et al.
(46), which indicates &4 value of 10 mM for formation of
the enzyme-substrate complex EfFPMG. The lack of an
obvious intercept on fitting stopped-flow data to the Strick-
land equation indicates that formation of &R is es-
sentially irreversible (i.e.k—; is close to zero). Given that
k_1 is likely to be relatively large (approximately 467%),

Ficure 10: Panel A, double-reciprocal plots of the data shown in the small value ok is also apparent from the linear double-
Figure 9B, obtained as described by Gibson et28).(Symbols: _reuprocal plot shown In Figure 6.B (a_s the value lob
filled circles, 1 mM DMG; open circles, 2 mM DMG; filled squares,  INcreases, the plot deviates from linearity).

5 mM DMG; open squares, 20 mM DMG; filled triangles, 30 mM  The isotope effect oRca (MKeal®Kear = 1.4+ 0.1) is small,
DMG. For clarity, only selected lines on the reciprocal plot but suggests some contribution to rate limitation from the
corresponding to the range of DMG concentrations shown in Figure pond cleavage step. This can be rationalized from the

9B are shown. Panel B, a secondary plot of the ordinate intercepts¢g|owina expression for which can be derived for
of lines from the reciprocal plot (Figure 10A) as a function of DMG Schemeg 148. ket

0.5
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Table 1: Steady-State and Microscopic Rate Constants for DMGO — koot ks + i i (5)
at pH 8.5 and 28C? at KoKy ks k;
parameter value parameter value
Keat 10.6 st ks 16s?! From our stopped-flow studies, we have calculated values
EszG (2)-614ﬁl1l\/| " E: %45; ML s for k, andks (244 and 16 s, respectively). The value for
o oyl o POt k_,is likely to be comparatively smali€10 s2), since there

is no obvious intercept in the plot d&ys versus DMG
'concentration for flavin reduction when analyzed approxi-
mately using the rapid equilibrium formalism of Strickland
et al. @6). To obtain a trudq value of 10.6 s! for protiated

the labile intermediate prior to the second mix containing DMG, a value of 36 s! for k; (which we have been unable
aerobic buffer, or (ii) reduction of the enzyme with excess to measure directly) is required. This suggests that decay of
substrate to generate the labile intermediate prior to the the reduced enzyméminium charge-transfer complex is the
second mix containing aerobic buffer and a competitive main contributing factor to rate limitation in the steady-state,
inhibitor which prevents multiple turnover. The latter method which is entirely consistent with the results of our enzyme-
was used successfully with DAAGLE), and we have used  monitored turnover experiment in which the reduced enzyme
the first method in studies of the oxidative half-reaction of iminium complex is the major species under steady-state
bacterial morphinone reductas&l). Neither method, how-  conditions (Figure 9A, inset).

ever, is appropriate with DMGO; a suitable competitive  The overall reaction catalyzed by DMGO is similar to that
inhibitor of the enzyme is not available, and stoichiometric catalyzed by other flavoprotein amine oxidases such as
reduction by DMG is too slow to enable accumulation of MSOX and TSOX, the only difference being that the
the EReP intermediate. It is, therefore, not possible to substrate for sarcosine oxidases contains one less methyl
determine the value d§ in a stopped-flow experiment. We  group. Oxidation of sarcosine by sarcosine oxidases likely
have, however, performed multiple-turnover studies of proceeds through the formation of a labile iminium inter-
DMGO using photodiode array detection. These studies mediate, as indeed do reactions catalyzed by other flavopro-
indicate that the EERJA intermediate accumulates under tein oxidases/dehydrogenases such as that catalyzed by
steady-state conditions (Figure 9 and inset). Since this trimethylamine dehydrogenase (TMADH). However, stopped-
intermediate decays in single-turnover studies with a rate flow kinetic studies with MSOX47) and TSOX (4), and
~16 s, we can confidently state that enzyme oxidation from with TMADH (26), have failed to identify transient enzyme

a Steady-state parameters are those from enzyme-monitored turnovel
experiments? Calculated using eq 5 and settikg, = 0.
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iminium charge-transfer complexes in the reductive half- 15.
reaction, perhaps indicating the lack of an electronic inter-
action of the iminium intermediate with the enzyme
dihydroflavin. An alternative explanation may be that the
rate of hydrolysis of the iminium intermediate is faster than
its formation in those enzymes where enzynmainium
charge-transfer complexes are not observed. We can therefore
identify two distinct types of flavoprotein oxidasethose
in which a reduced enzymeminium charge-transfer inter-
mediate forms as a result of substrate oxidation and those in 19
which the generated iminium is not seen to interact electroni- =
cally with the enzyme flavin. Clearly, further studies are
required to ascertain why the iminiunenzyme charge-
transfer complex forms in only some flavoprotein amine
oxidases, and this will involve a combination of functional
and structural work. The structures of MSOX, TMADH, and
DAAO have been reported(48. Our current work is now
focused on the structural elucidation of DMGO to enable
comparison with MSOX, TMADH, and DAAO.
Conclusions Our studies have established that DMGO
contains amN*-histidyl*®-FAD and is a typical flavoprotein
oxidase, showing reactivity with sulfite. The electronic
absorption spectrum of the covalently linked FAD is
perturbed by the addition of a number of salts, suggesting
different conformational states and/or specific binding sites
for small anions close to the flavin isoalloxazine ring. The
kinetic mechanism of DMGO is similar to that determined
for DAAO and other enzymes that form a labile enzyme
iminium charge-transfer intermediate, and distinct from the
kinetic mechanisms of MSOX and TSOX which overall
catalyze reactions that are very similar to that of DMGO.
Based on the presence or absence of an enzymiaium
charge-transfer intermediate in the reductive half-reaction,

16.

17.

18.

20.
21.
22.
23.

27.
28.

29.
30.
31
32.

we propose the existence of at least two classes of flavopro- 33
tein amine oxidase. 34
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