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ABSTRACT: Choline oxidase catalyzes the four-electron oxidation of choline to glycine betaine, with
molecular oxygen acting as primary electron acceptor. Recently, the recombinant enzyme expressed in
Escherichia coliwas purified to homogeneity and shown to contain FAD in a mixture of oxidized and
anionic semiquinone redox states [Fan et al. (2003)Arch. Biochem. Biophys., in press]. In this study,
methods have been devised to convert the enzyme-bound flavin semiquinone to oxidized FAD and vice
versa, allowing characterization of the resulting forms of choline oxidase. The enzyme-bound oxidized
flavin showed typical UV-vis absorbance peaks at 359 and 452 nm (withε452 ) 11.4 M-1 cm-1) and
emitted light at 530 nm (withλex at 452 nm). The affinity of the enzyme for sulfite was high (with aKd

value of∼50 µM at pH 7 and 15°C), suggesting the presence of a positive charge near the N(1)C(2)dO
locus of the flavin. The enzyme-bound anionic flavin semiquinone was unusually insensitive to oxygen
or ferricyanide at pH 8 and showed absorbance peaks at 372 and 495 nm (withε372 ) 19.95 M-1 cm-1),
maximal fluorescence emission at 454 nm (withλex at 372 nm), circular dichroic signals at 370 and 406
nm, and an ESR peak-to-peak line width of 13.9 G. Both UV-vis absorbance studies on the enzyme
under turnover with choline and steady-state kinetic data with either choline or betaine aldehyde were
consistent with the flavin semiquinone being not involved in catalysis. The pH dependence of the kinetic
parameters at varying concentrations of both choline and oxygen indicated that a catalytic base is required
for choline oxidation but not for oxygen reduction and that the order of the kinetic steps involving substrate
binding and product release is not affected by pH.

Choline oxidase (EC 1.1.3.17) catalyzes the four-electron
oxidation of choline to glycine betaine (N,N,N-trimethyl-
glycine; betaine) via betaine aldehyde as intermediate
(Scheme 1) (1). The enzyme contains covalently bound FAD
and utilizes molecular oxygen as the primary electron
acceptor (2-4). Among the members of the GMC oxi-
doreductase superfamily within which the enzyme can be
grouped (5, 6), choline oxidase is unique in that it catalyzes
the oxidation of a substrate primary alcohol to a carboxylic
acid via an aldehyde intermediate. A similar oxidation
reaction of an alcohol to a carboxylic acid is catalyzed by
histidinol dehydrogenase (EC 1.1.1.23), a pyridine nucle-
otide-dependent enzyme well-characterized in its mechanistic
and biochemical properties (7-17). In contrast, limited
kinetic information is available on choline oxidase (18, 19).
Consequently, the study of the mechanistic properties of
choline oxidase provides the opportunity to compare the
biochemical and mechanistic properties of the flavin-de-
pendent oxidoreductases with those of the pyridine nucleo-

tide-dependent reductases able to carry out a four-electron
oxidation of a substrate alcohol. The study of an enzyme
involved in glycine betaine biosynthesis is also of consider-
able interest for both biotechnological and biomedical
applications because recent studies have shown that the
accumulation of glycine betaine in the cytoplasm of cells
allows growth in hyperosmotic environments of transgenic
plants lacking efficient glycine betaine biosynthetic systems
(20-26) and of clinical isolates of a number of human
pathogens (27-34).

The analyses of the steady-state kinetic mechanism and
of the pH and deuterium kinetic isotope effects on the
oxidation of choline to betaine aldehyde catalyzed by
Arthrobacter globiformischoline oxidase were recently
reported (18, 19). Briefly, with choline as substrate (lower
loop in Scheme 2), after formation of the E-FADox-C
complex and oxidation of choline to yield betaine aldehyde
bound to the reduced enzyme, oxygen reacts with the
E-FADred-BA complex. The catalytically competent E-
FADox-BA species undergoes a second oxidation reaction
in which glycine betaine is formed. Finally, the E-FADred-
GB complex reacts with oxygen before the release of glycine
betaine from the oxidized enzyme. With betaine aldehyde
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as substrate (upper loop in Scheme 2), after formation of
the E-FADox-BA complex, betaine aldehyde is oxidized to
yield glycine betaine bound to the reduced enzyme. Turnover
is completed with reaction of the E-FADred-GB complex with
molecular oxygen and the final release of the product glycine
betaine. A catalytic base with pKa 7.5 was proposed to
participate in catalysis based on pH and substrate kinetic
isotope effect studies on the enzyme (19).

Our group recently cloned the gene encoding for choline
oxidase from genomic DNA ofA. globiformisstrain ATCC
8010 and expressed it to high yields inEscherichia coli(6).
The resulting protein was purified to homogeneity and shown
to be a homodimer of 120,000 Da with each subunit
containing covalently linked FAD in a mixture of semi-
quinone and oxidized redox states (6). In the present study,
we have devised methods to obtain homogeneous prepara-
tions of recombinant choline oxidase with the flavin cofactor
either in the oxidized or in the semiquinone state and have
characterized the biochemical and kinetic properties of the
resulting forms of enzyme.

EXPERIMENTAL PROCEDURES

Materials.Choline chloride was from ICN Pharnaceutical,
Inc. Betaine aldehyde and glycine betaine were from Sigma-
Aldrich. Recombinant choline oxidase fromA. globiformis
strain ATCC 8010 was expressed from plasmid pET/codA1
and purified to homogeneity as described in ref6. Choline
oxidase as purified was stored at-20 °C in 200 mM Tris-
Cl, pH 8, and found to be stable for at least six months. All
other reagents were of the highest purity commercially
available.

Enzyme Assays.The concentration of choline oxidase was
determined with the method of Bradford (35), by using the
Bio-Rad protein assay kit with bovine serum albumin as the
standard. Enzyme activity was measured with the method
of the initial rates (36) in air-saturated 50 mM potassium
phosphate at pH 7 by monitoring the rate of oxygen
consumption with a computer-interfaced Oxy-32 oxygen-
monitoring system (Hansatech Instrument Ltd.) thermostated
at 25°C. The reactions were started by the addition of choline
oxidase to a 1 mLreaction mixture, with the final concentra-
tion of enzyme in the 0.2-0.6 µM range; the concentration
of choline or betaine aldehyde was between 0.02 and 15 mM.
When both choline (or betaine aldehyde) and oxygen
concentrations were varied, the assay reaction mixture was
equilibrated at the concentration of oxygen by bubbling the
appropriate O2/N2 gas mixture for 10 min before the reaction

was started by the addition of the enzyme. When the pH
was varied, 50 mM potassium phosphate was used between
pH 6 and 8, and 50 mM sodium pyrophosphate was used in
the pH ranges 5-6 and 8-10. Product inhibition studies were
carried out by varying the concentrations of both glycine
betaine and choline (or betaine aldehyde) in air-saturated 50
mM potassium phosphate, pH 6.75. One unit of enzymatic
activity corresponds to the consumption of oneµmol of
oxygen per minute.

UV-vis absorbance spectra were recorded using an
Agilent Technologies diode-array spectrophotometer Model
HP 8453 equipped with a thermostated water bath. Fluores-
cence emission spectra were recorded with a Shimadzu
Spectrofluorometer Model RF-5301 PC thermostated at 15
°C. Circular dichroism spectra were acquired using a Jasco
J-810 spectropolarimeter at 22°C.

Methods.Oxidized FAD-containing choline oxidase was
prepared at 4°C by dialysis against three 1 L changes of 20
mM potassium phosphate, 20 mM sodium pyrophosphate,
pH 6 over 24 h, followed by two 1 L changes of 200 mM
Tris-Cl, pH 8 over 5 h. This enzyme could be stored at-20
°C for at least 7 months without losses in enzymatic activity.
The oxidized flavin content of choline oxidase as purified
was determined from the∆A452 after treatment of the enzyme
with 5 mM dithionite in air-saturated 200 mM Tris-Cl, pH
8, using anε452 value of 8.4 mM-1 cm-1, which corresponds
to the difference between the extinction coefficients for the
enzyme-bound oxidized flavin (ε452 ) 8.4 mM-1 cm-1) and
semiquinone flavin (ε452 ) 3 mM-1 cm-1). Reduction of
choline oxidase with sodium dithionite was conducted
aerobically in 200 mM Tris-Cl, pH 8 at 15°C. Dithionite
was either prepared just before use in the same buffer or
added to the enzyme solution as a powder. For reactions with
sodium sulfite, the reagent was prepared just prior to use as
a 1 M stock solution in 100 mM potassium phosphate, pH
7. Different amounts of sodium sulfite ranging from 0.5 to
25 mM were added to the enzyme solution in 100 mM
potassium phosphate, pH 7, at 15°C, and UV-vis absor-
bance spectra were recorded at different interval periods.
Reversibility of the flavin-sulfite complex was determined
by following the increase in absorbance at 452 nm following
removal of the unbound sulfite by gel filtration using a
Sephadex G-25 column (PD-10 column, Amersham-Phar-
macia Biotech) equilibrated with 200 mM Tris-Cl, pH 8. For
treatment of choline oxidase with an oxidizing agent under
nondenaturing conditions, the enzyme was incubated with
10 mM potassium ferricyanide for 30 min on ice in 10%
glycerol, 1 mM EDTA, 20 mM Tris-Cl, pH 8 before
removing ferricyanide by gel filtration using a Sephadex
G-25 column equilibrated with 20 mM Tris-Cl, pH 8.

ESR spectral data were recorded in 3 mm quartz tubes at
141 K using a Bruker ER200D spectrophotometer equipped
with an Oxford cryostat. Samples were prepared for ESR
analysis by gel filtration through a Sephadex G-25 column
equilibrated in 50 mM HEPES, pH 8, followed by freezing
in liquid nitrogen. The following conditions and instruments
settings were used: microwave power, 2 mW; modulation
amplitude, 2 G; and microwave frequency, 9.4 GHz.

Data Analysis.Kinetic data were fit with the KaleidaGraph
software (Adalbeck Software, Reading, PA) and the Enzfitter
software (Biosoft, Cambridge, UK). Apparent kinetic pa-
rameters in atmospheric oxygen were determined by fitting
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initial reaction rates at different substrate concentrations to
the Michaelis-Menten equation for one substrate. Initial rates
determined by varying the concentration of both choline or
betaine aldehyde and oxygen were fit to eqs 1 and 2,
respectively. Eq 1 describes a sequential steady-state kinetic
mechanism, whereas eq 2 describes a sequential mechanism
in whichKa , Kia (37). Ka andKb are the Michaelis constants
for choline (or betaine aldehyde) (A) and oxygen (B),
respectively, andkcat is the turnover number of the enzyme
(e).

The pH dependences of steady-state kinetic parameters
were determined by fitting initial rate data to eq 3, which
describes a curve with a slope of+1 and a plateau region at
high pH. The pH dependence of inhibition by glycine betaine
was determined by fitting the initial rate data to eq 4, which
describes a curve with a slope of-1 and a plateau region at
low pH. C is the pH-independent value of the kinetic
parameter of interest.

Product inhibition studies were performed by varying the
concentrations of both glycine betaine and choline (or betaine
aldehyde) at a fixed concentration of oxygen. The data were
fit to eqs 5-7, which describe competitive, uncompetitive,
and noncompetitive inhibition patterns of the product and
the organic substrate, respectively. P is the concentration of
glycine betaine, andKis andKii are the inhibition constants
for the slope and intercept term, respectively.

RESULTS

Choline Oxidase as Purified (E-FADox/sq). As shown in
Figure 1, the UV-vis absorbance spectrum of recombinant
choline oxidase as purified at pH 8 suggests that the enzyme-
bound FAD is present as a mixture of oxidized and anionic

semiquinone states (E-FADox/sq) (6). Upon treatment of the
enzyme with 10 mM potassium ferricyanide at pH 8 followed
by gel filtration to remove the oxidizing agent, no significant
spectral changes in the near-UV and visible regions of the
absorbance spectrum were observed (data not shown). These
results indicate that the addition of an oxidant under
nondenaturing conditions had no effect on the enzyme-bound
flavin semiquinone.

Spectral Properties of FlaVin Semiquinone-Containing
Choline Oxidase (E-FADsq). When the enzyme was incubated
aerobically with 5 mM dithionite, a bleaching of the peak at
454 nm was observed in the visible absorbance spectrum of
the enzyme, and a spectrum with maxima at 372 and 495
nm was obtained (data not shown). The∆A452 was used to
determine the FADox content per enzyme active site by using
the ε452 values determined for the enzyme-bound flavin in
the oxidized and semiquinone states (see below). Typically,
the enzyme as purified contained variable amounts of flavin
in the oxidized state, ranging from 15 to 55% of the total
flavin content (data not shown). Removal of excess dithionite
by gel filtration yielded a similar absorbance spectrum
(Figure 1), indicating that the enzyme is capable of stabilizing
the anionic semiquinone species of the flavin (FADsq) in the
presence of molecular oxygen. Upon incubation of the
FADsq-containing choline oxidase in the presence of 4 M
urea, the visible absorbance spectrum of oxidized FAD with
the typical peaks centered at 350 and 452 nm was observed
(Figure 1), consistent with the FADsq being stabilized by the
protein microenvironment and the cofactor becoming fully
oxidized by molecular oxygen upon unfolding the protein.
An extinction coefficient of 19.95 mM-1 cm-1 was calculated
at 372 nm for the enzyme-bound semiquinone of choline
oxidase based upon theε450 value of 11.3 mM-1 cm-1 for
FAD1 after denaturation of the enzyme by treatment with
urea (38). At pH 8 and 15°C, the enzyme-bound anionic
semiquinone emitted light at 454 nm upon excitation at 372
nm (Figure 1). As for the case of the visible absorbance
spectrum, the typical fluorescence properties of oxidized
FAD with maximal emission at 530 nm (withλmax at 450

1 It is assumed here that theε450 for 8R-N(1)-histidyl FAD is the
same as that for free FAD in solution, with a value of 11.3 mM-1 cm-1.
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FIGURE 1: Reaction of recombinant choline oxidase with sodium
dithionite. Dashed line, the UV-vis absorbance spectrum of choline
oxidase as purified was recorded at a concentration of 60µM in
200 mM Tris-Cl, pH 8; solid line, air-stable flavin semiquinone-
containing enzyme prepared by treatment with 5 mM sodium
dithionite in aerobiosis and gel filtration onto a Sephadex G-25
column equilibrated with the same buffer; dotted line, after treatment
of the flavin semiquinone-containing enzyme with 4 M urea at 40
°C for 40 min. Inset, fluorescence emission spectrum of flavin
semiquinone-containing choline oxidase at a concentration of 8µM
in 200 mM Tris-Cl, pH 8 and 15°C. The excitation wavelength
was at 372 nm.
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nm) were observed upon denaturation of the FADsq-contain-
ing enzyme by treatment with urea (data not shown). The
circular dichroism spectrum of the E-FADsq form of choline
oxidase showed a negative band at 370 nm, a sharp positive
band at 406 nm, and a broad negative dichroic signal
spanning from 450 to 650 nm (Figure 2). Such a spectrum
is in agreement with previously reported circular dichroic
spectra of enzyme-bound anionic flavin semiquinones (39,
40).

As an independent approach to characterizing the enzyme-
bound semiquinone flavin of choline oxidase, ESR spectra
of the enzyme as purified and of the semiquinone-containing
enzyme were determined. As shown in Figure 3, E-FADox/sq

yielded an ESR signal at 2 G with a peak-to-peak line width
of 15.4 G, providing further evidence for the presence of an
anionic flavin semiquinone in the enzyme (41). A similar
ESR spectrum with peak line width of 13.9 G was observed
when the enzyme was analyzed after treatment with dithionite
and gel filtration to remove the excess dithionite, further
consistent with the formation of an air-stable anionic
semiquinone upon reduction of the enzyme by dithionite.

Spectral Properties of Oxidized FAD-Containing Choline
Oxidase (E-FADox). Treatment of choline oxidase at pH 6
and 15°C resulted in the slow bleaching of the near-UV

band centered at 373 nm and concomitant increase of
absorbance at 452 nm (Figure 4). The resulting enzyme
species showed absorbance maxima in the near-UV and
visible regions centered at 359 and 452 nm, as expected for
an enzyme with the bound flavin in the oxidized state (E-
FADox). At 15 °C, akobs value of 219( 1 × 10-6 s-1 was
determined from the absorbance changes at 452 nm for the
complete conversion of E-FADox/sq to E-FADox (Figure 4,
inset). To minimize possible protein losses due to the
prolonged incubation of the enzyme at pH 6, E-FADox was
also prepared by dialysis at 4°C. When 1300 units of choline
oxidase as purified were dialyzed at pH 6 for 24 h, 4100
units of E-FADox were recovered, consistent with the
formation of E-FADox being due to oxidation rather than
denaturation of E-FADsq. As shown in Figure 5, an extinction
coefficient at 452 nm of 11.4( 0.6 mM-1 cm-1 was
calculated for E- FADox from six independent experiments
after denaturation of the enzyme by treatment with urea. A
fluorescence emission spectrum with a maximum at 530 nm
(with λex at 452 nm) was observed for E-FADox, providing
further evidence for the presence of oxidized FAD. As for
the case of the E-FADox/sq species, a UV-vis absorbance
spectrum identical to that of E-FADsq was obtained upon
aerobic addition of dithionite to E-FADox (data not shown).

Formation of a covalentN(5)-flavin adduct with sulfite is
a feature that distinguishes flavoprotein oxidases from

FIGURE 2: Circular dichroism spectrum of flavin semiquinone-
containing choline oxidase. Solid line, choline oxidase after
treatment with 5 mM sodium dithionite in aerobiosis followed by
gel filtration onto a Sephadex G-25 column equilibrated with 200
mM Tris-Cl, pH 8; dotted line, after treatment of the flavin
semiquinone-containing enzyme with 4 M urea at 40°C for 30
min. Spectra were recorded at 22°C.

FIGURE 3: Electron spin resonance spectrum of recombinant choline
oxidase. Spectra of choline oxidase were acquired at a concentration
of 60 µM in 50 mM HEPES, pH 8. The following spectral
conditions were used: microwave power, 2 mW; modulation
amplitude, 2 G; gain, 6.3× 105; temperature, 141 K. Panel A,
choline oxidase as purified; panel B, flavin semiquinone-containing
choline oxidase prepared freshly by the addition of sodium dithionite
and gel filtration onto a Sephadex G-25 column.

FIGURE 4: Conversion of E-FADox/sq to E-FADox. Choline oxidase
as purified at a concentration of 33µM was incubated in
air-saturated buffer at pH 6 and 15°C. Absorbance spectra were
recorded at different times of incubation until no further spectral
changes were observed. Only selected spectra are shown: curve 1,
absorbance spectrum of choline oxidase recorded 1 min after gel
filtration of the enzyme through a Sephadex G-25 column equili-
brated with 20µM potassium phosphate, 20 mM sodium pyro-
phosphate, pH 6; curve 6, same sample after 15 h of incubation.
Inset, time course of absorbance changes at 452 nm. The curve is
a fit of the data toy ) 0.420- 0.071e(0.79x) (R2) 0.9997).

FIGURE 5: Reaction of FADox-containing choline oxidase with
sodium dithionite. Solid line, the UV-vis absorbance spectrum of
FADox-containing choline oxidase was recorded at a concentration
of 75 µM in 200 mM Tris-Cl, pH 8; dashed line, air-stable
semiquinone-containing enzyme prepared by treatment with 5 mM
sodium dithionite in aerobiosis and gel filtration onto a sephadex
G-25 column equilibrated with the same buffer. Inset, fluorescence
emission spectrum of FADox-containing choline oxidase at a
concentration of 15µM in 200 mM Tris-Cl, pH 8 and 15°C. The
excitation wavelength was at 453 nm.
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dehydrogenases (42, 43). As shown in Figure 6, treatment
of FADox-containing choline oxidase with sodium sulfite
resulted in the bleaching of the peak at 452 nm with the
concomitant appearance of a peak centered at 320 nm,
consistent with formation of a sulfiteN(5)-flavin adduct. At
pH 7 and 15°C, complex formation was slow and required
several hours for completion at concentrations of sulfite as
high as 25 mM. Values for the rate of complex formation
(kon) and dissociation (koff) of 0.035( 0.001 M-1 s-1 and
4.9 ( 8.4 × 10-6 s-1 were calculated from a plot ofkobs

versus sulfite concentration, respectively (Figure 6, inset).
Although akoff value not significantly different from zero
was observed, by using the upper limitingkoff value of 1.33
× 10-5 s-1 calculated from the sum of they-intercept value
in Figure 5 and the standard deviation associated with the
measurement, an upperKd value of ∼40 µM could be
estimated from the ratio of thekoff to kon values. From a plot
of ∆A452 versus [sulfite], aKd value of 51( 10 µM was
determined from the reaction at various concentrations of
sulfite (data not shown), in fairly good agreement with the
value determined kinetically. Reversibility of the flavin-
sulfite adduct was established by following the increase in
absorbance at 452 nm after removing the excess sulfite by
gel filtration (data not shown). However, an accurate
determination of thekoff value could not be carried out due
to instability of the enzyme over the prolonged incubation
times required for complete sulfite dissociation. Although
the slow rates of sulfite complex formation and dissociation
observed with choline oxidase are atypical for flavoprotein
oxidases, similar results were recently observed for another
flavin-linked enzyme,N-methyltryptophan oxidase (44).

Enzymatic TurnoVer of E-FADox/sq, E-FADsq, and E-FADox

with Choline.To determine whether the flavin semiquinone
of choline oxidase participates in catalysis, choline oxidase
containing either FADox/sq, FADsq, or FADox was incubated
with 4 mM choline in air-saturated 200 mM Tris-Cl, at pH
8 and 15°C. As shown in Figure 7, a UV-vis absorbance
spectrum with maxima at 372 and 495 nm was observed
with the FADox/sq-containing enzyme, suggesting that the
enzyme-bound oxidized flavin was fully reduced in the
presence of the substrate and that the flavin semiquinone
did not react with choline or oxygen under enzyme turnover.
After removal of the excess choline by gel filtration, a UV-

vis absorbance spectrum substantially identical to that of the
resting state of E-FADox/sq was observed (Figure 7), further
consistent with the flavin semiquinone not participating in
catalysis. When a freshly prepared sample of the E-FADsq

form of choline oxidase was subjected to the same treatment,
no changes were observed in the UV-vis absorbance spectra
of both the enzyme under turnover and in the resting state
after removal of excess choline by gel filtration (Figure 7),
in good agreement with the results observed with the enzyme
containing a mixture of oxidized and semiquinone flavins.
Finally, a peak centered at 356 nm was observed in the UV-
vis absorbance spectrum of the FADox-containing enzyme
in the presence of choline and oxygen, suggesting that this
species of enzyme was fully reduced under these conditions
(Figure 7). After removing the excess choline by gel
filtration, an absorbance spectrum substantially identical to
that of the initial E-FADox species in the resting state was
observed (Figure 7). Altogether, the results of these experi-
ments are consistent with the flavin semiquinone of choline
oxidase being not catalytically competent and with the
enzyme-bound flavin cycling between fully oxidized and
reduced states during catalytic turnover of the enzyme with
the substrates.

Steady-State Kinetics.The steady-state kinetic parameters
for recombinant choline oxidase were determined for both
the E-FADox and the E-FADox/sq forms of choline oxidase,
by measuring the rate of oxygen consumption at varying

FIGURE 6: Reaction of choline oxidase with sulfite. FADox-
containing choline oxidase at a concentration of 15µM was
incubated with 25 mM sodium sulfite in air-saturated 100 mM
potassium phosphate, pH 7 and 15°C. Absorbance spectra were
recorded at different times of incubation until no further spectral
changes were observed. Only selected spectra are shown: curve 1,
absorbance spectrum of choline oxidase recorded 10 s after the
addition of sulfite; curve 20, same sample after 2 h of incubation.
Inset, plot of the observed rate of decrease in absorbance at 452
nm versus the concentration of sulfite. The line is a fit of the data
to y ) 0.035x + 0.0000049 (R2 ) 0.999).

FIGURE 7: UV-vis absorbance spectra of choline oxidase during
turnover with choline. Choline oxidase containing different relative
amounts of flavin semiquinone and oxidizied flavin was incubated
for 30 min with 4 mM choline in air-saturated 100 mM potassium
phosphate, pH 7 and 15°C, before stopping the reaction by gel
filtration onto a Sephadex G-25 column equilibrated with the same
buffer. UV-vis absorbance spectra were recorded for the enzyme
in the resting state before turnover (solid curve), under turnover
(dashed curve), and in the resting state after turnover (dotted curve).
Panel A, 95µM choline oxidase containing FADox/sq; panel B, 50
µM choline oxidase containing FADsq; and panel C, 79µM choline
oxidase containing FADox. Spectra for the resting enzyme after
turnover were normalized to those of the resting enzyme before
turnover.
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concentrations of both organic substrate and oxygen at pH
7 and 25°C. As expected based on previous studies onA.
globiformischoline oxidase (18), the kinetic data with choline
and betaine aldehyde were fit best by eqs 1 and 2, which
describe sequential kinetic mechanisms with finite and
negligibleKa values, respectively (37). As shown in Table
1, when the kinetic parameters were expressed per active
site of oxidized flavin content, no significant differences were
observed in thekcat andkcat/Km values when enzyme forms
with different FADox/FADtotal ratios were compared, provid-
ing independent evidence that the flavin semiquinone of
choline oxidase does not participate in catalysis.2

Product Inhibition Studies.As an independent approach
to examining the steady-state kinetic mechanism of recom-
binant choline oxidase, the inhibition patterns of the product
glycine betaine with respect to either choline or betaine
aldehyde were determined in air-saturated buffer at pH 6.75.
As shown in Table 2, the results were best fit by eq 5,
consistent with glycine betaine being competitive versus
either choline or betaine aldehyde. Moreover, similar kinetic
parameters were obtained irrespective of the use of E-FADox/sq

or E-FADox when the initial rates were expressed per active
site of oxidized flavin (Table 2).

pH Dependence of the kcat and kcat/Km Values.The pH
dependence of the kinetic parameters with choline as
substrate was determined at varying concentrations of both
choline and oxygen in the pH range 6-10. As shown in
Figure 8, both thekcat/Km and thekcat values for choline
increased with increasing pH, reaching limiting values above
pH 8. Apparent pKa values of 7.6( 0.2 and 7.1( 0.2 were
determined for a group that must be unprotonated for
catalysis from thekcat/Km andkcat pH profiles, respectively.
In contrast, thekcat/Km values for oxygen were independent
of pH, with values in the 104 M-1 s-1 range (Figure 9).

To establish whether a measurableKm value could be
determined with betaine aldehyde as substrate for the
enzyme, initial rates of reaction were measured at pH 6.5
and 10 by varying the concentrations of both betaine
aldehyde and oxygen. At both pH values, the data were fit
best to eq 2 (data not shown), consistent withkcat being
independent of the concentration of betaine aldehyde (37).
Thekcat values with betaine aldehyde were 42( 2 s-1 at pH
6.5 and 70( 1 s-1 at pH 10. As for the case of choline, the
kcat/Km values for oxygen determined with betaine aldehyde
as the organic substrate were independent of the pH (Figure
9).

As an approach to establishing whether some changes in
the kinetic properties of the enzyme take place in the
conversion of E-FADox/sq to E-FADox, the pH dependences
of the kinetic parameters with choline as substrate for both
enzyme species were determined in air-saturated buffer in
the pH range from 5 to 10. As shown in Figure 10, both the
kcat/Km and the kcat values yielded similar pH profiles
irrespective of whether the E-FADox or E-FADox/sq species

2 If the flavin semiquinone were as catalytically competent as the
oxidized flavin in the reaction catalyzed by choline oxidase, similar
kcat and kcat/Km values should have been obtained by expressing the
enzymatic activity per active site total flavin content. Alternatively, if
the flavin semiquinone were either less or more catalytically competent
than the oxidized flavin, due to the kinetic complexity of the reaction
catalyzed by choline oxidase, significantly differentkcat, Km, Kia, and
kcat/Km values should have been observed irrespective of whether the
enzymatic activity is expressed per active site oxidized flavin content
or total flavin content. Within experimental error, the kinetic results
observed with enzyme forms containing different relative amounts of
flavin semiquinone and oxidized flavin are therefore consistent with
the conclusion that the oxidized flavin is solely responsible for catalytic
activity.

Table 1: Steady-State Kinetic Parameters for Recombinant Choline Oxidase with Choline or Betaine Aldehyde as Substrate at pH 7a

substrate
FADox/
FADtotal

b
kcat,
s-1 c

Ka,
mMd

kcat/Ka,
M-1 s-1 e

KO2,
µM

kcat/KO2,
M-1 s-1

Kia,
mM eq R2

choline 1.00 61( 6 1.7( 0.3 36000( 6400 703( 102 87100( 15300 0.2( 0.05 1 0.998
choline 0.37 60( 5 2.9( 0.3 21000( 3000 830( 90 72400( 9900 0.2( 0.03 1 0.999
betaine aldehyde 1.00 69( 1 1090( 30 64000( 2100 2.2( 0.09 2 0.998
betaine aldehyde 0.37 67( 1 970( 1 69000( 100 2.3( 0.01 2 1.000

a Enzyme activity was measured at varying concentrations of both organic substrate and oxygen in 50 mM potassium phosphate, pH 7 and 25
°C. b Oxidized flavin content per total enzyme-bound flavin.c Rates are expressed per active site oxidized flavin content.d Ka is theKm value for
either choline or betaine aldehyde as substrate.e kcat/Ka is thekcat/Km value for either choline or betaine aldehyde as substrate.

Table 2: Product Inhibition Studies of Recombinant Choline Oxidase with Glycine Betainea

substrate
FADox/
FADtotal

b
type of

inhibitionc
kcat,

s-1 d
Km,
mM

Kis,
mM

Kii ,
mM eq R2

choline 1.00 C 10.6( 0.2 0.8( 0.1 15( 1 5 0.999
UC 11.3( 0.2 1.1( 0.1 27( 1 6 0.929
NC 9.3( 0.4 0.6( 0.1 12( 2 108 ( 1014 7 0.995

0.37 C 9.7( 0.1 0.8( 0.1 12( 0.3 5 0.993
UC 9.4( 0.1 0.7( 0.1 21( 0.1 6 0.941
NC 9.7( 0.1 0.8( 0.1 12( 0.1 108 ( 1011 7 0.993

betaine aldehyde 1.00 C 6.1( 0.1 2.0( 0.1 56( 2 5 0.991
UC 10.0( 0.1 5.0( 0.1 41( 2 6 0.971
NC 7.6( 0.7 2.8( 0.7 51( 26 103 ( 104 7 0.960

0.37 C 5.9( 0.1 2.6( 0.1 48( 4 5 0.996
UC 7.8( 0.1 4.0( 0.1 29( 1 6 0.982
NC 7.2( 0.3 3.3( 0.4 49( 11 755( 926 7 0.993

a Enzyme activity was measured at varying concentrations of organic substrate and glycine betaine in air-saturated 50 mM potassium phosphate,
pH 6.75 and 25°C. b Oxidized flavin content per total enzyme-bound flavin.c C, competitive; UC, uncompetitive, and NC, noncompetitive.d Rates
are expressed per active site oxidized flavin content.
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was used, indicating that no changes other than the oxidation
of E-FADsq occur in the preparation of E-FADox by treatment
at pH 6. The pKa values were 7.4( 0.1 and 7.3( 0.1 in the
kcat/Km pH profiles and 6.4( 0.1 and 6.6( 0.1 in thekcat

pH profiles with E-FADox and E-FADox/sq, respectively, in
agreement with the values of 7.2( 0.2 and 6.4( 0.1 recently
determined for choline oxidase fromA. globiformis (19).

pH Dependence of Inhibition by Glycine Betaine.The pH
dependence of the inhibition by glycine betaine was deter-
mined in atmospheric oxygen using choline as substrate for
E-FADox. As shown in Figure 11, the data were fit best by
eq 4, consistent with a single ionizable group with a pKa

value of 7.5( 0.1 that must be protonated for inhibition.

DISCUSSION

Recombinant choline oxidase expressed inE. coli cells
contains between 35 and 85% of bound flavin in an anionic
semiquinone form that requires the protein microenvironment
to be stabilized. At pH 8, this enzyme-bound flavosemi-

quinone is unusually insensitive to both molecular oxygen3

and oxidizing agent ferricyanide, suggesting that the unpaired
electron is localized in a region of the flavin that is not
accessible for reaction. Earlier studies on native choline
oxidase fromAlcaligenessp. showed that an anionic semi-
quinone that was poorly reactive toward oxygen is stabilized
by the enzyme (45), suggesting that this property does not
arise from the expression of the recombinant enzyme in the
heterologous system used in our study. A rationale for the
unusual air stability of the flavin semiquinone can be
proposed based on recent ab initio theoretical calculations,
showing that most of the spin density in anionic flavin
semiquinones is distributed on either the benzene ring or the
N(5) position of the flavin (46, 47). The flavinN(5) locus is
expected to be freely accessible to oxygen because of the
role it plays in catalysis by accepting the hydride equivalent
generated in the oxidation of the substrate. In contrast, the

3 The rate of reaction with oxygen of anionic flavin semiquinones
in solution is almost diffusion-controlled, with second-order rate
constant values of 108 M-1 s-1 (70, 71). That for enzyme-bound anionic
semiquinones has been reported for glucose oxidase to be in the 104

M-1 s-1 range (50).

FIGURE 8: pH dependence of thekcat/Km andkcat values for choline
as substrate for recombinant choline oxidase. Choline oxidase
activity was measured at varying concentration of both choline and
oxygen at 25°C as described in the Experimental Procedures. The
lines are fits of the data to eq 3. Panel A, pH dependence of the
kcat/Km values; panel B, pH dependence of thekcat values.

FIGURE 9: pH dependence of thekcat/Km values for oxygen with
choline or betaine aldehyde as substrate for recombinant choline
oxidase. Choline oxidase activity was measured at varying con-
centrations of both choline (or betaine aldehyde) and oxygen at 25
°C as described in the Experimental Procedures. (1) Values
determined with choline; (4) values determined with betaine
aldehyde. The line represents the average pH-independentkcat/Km
value with choline as substrate.

FIGURE 10: pH dependence of the apparent kinetic parameters of
E-FADox/sqand E-FADox with choline as substrate. Choline oxidase
activity was measured in air-saturated buffer at 25°C. (b) Values
determined with E-FADox; (O) values determined with E-FADox/sq.
The lines are fits of the data to eq 3. Panel A, pH dependence of
the kcat/Km values; panel B, pH dependence of thekcat values.

FIGURE 11: pH dependence of inhibition by glycine betaine. At
each pH value, choline oxidase activity was measured at varying
concentrations of both choline and glycine betaine in air-saturated
buffer at 25°C. TheKis values for glycine betaine were determined
by fitting the initial rate data to eq 5. The line is a fit of the data
to eq 4.
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benzene ring of FAD is involved in a 8R-N(1)-histidyl
linkage with the protein (4) and is likely to be hindered by
the protein moiety. Stabilization of the spin density on the
benzene ring of the anionic semiquinone might further be
contributed by the inductive effect of the flavin 8R-N(1)-
histidyl linkage with the protein moiety.

The choline oxidase-bound semiquinone undergoes a slow
conversion to the fully oxidized state at pH 6, indicating that
a 100-fold increase in proton concentration significantly
destabilizes the flavin radical. Although not investigated
further in this study, a possible rationale for the oxidation
of the flavin semiquinone in choline oxidase is that at low
pH a limited fraction of the enzyme-bound semiquinone
becomes protonated to yield the neutral species of the
semiquinone, which would be readily oxidized by molecular
oxygen because of localization of the unpaired electron on
the highly oxygen-reactiveC(4a) locus of the flavin (43).
pH-dependent stabilization of both anionic and neutral flavin
semiquinones by the same enzyme was previously shown
in another member of the GMC oxidoreductase superfamily,
glucose oxidase (48, 49), for which it was shown that the
neutral semiquinone reacts with oxygen with a second-order
rate constant of 1.4× 104 M-1 s-1 at 25°C (50). Unusual
stabilization of neutral semiquinones by flavoprotein oxidases
was also reported for nitroalkane oxidase (51) andD-amino
acid oxidase in the presence of benzoic acid (52).

The spectral studies of the enzyme under turnover establish
that the flavin semiquinone of choline oxidase is not
catalytically relevant and that the enzyme under turnover
cycles between its fully oxidized and fully reduced states.
This conclusion is further supported by kinetic data, showing
a good correlation between the turnover numbers of the
enzyme with choline and betaine aldehyde as substrate and
the content of oxidized flavin per active site. Consistent with
the lack of catalytic role for the flavin semiquinone, variable
FADox/FADsq ratios for the enzyme-bound flavin are ob-
served among different preparations of enzyme (6). Thus,
choline oxidase appears to be similar to methanol oxidase,
which was shown in earlier studies to contain a mixture of
oxidized FAD and an air-stable anionic semiquinone that is
not required for catalysis (53). In contrast, air-stable flavin
semiquinones for which a catalytic role of the flavin radical
was proposed (54, 55) were reported in the resting state of
monoamine oxidase B (56-58) andE. coli DNA photolyase
(59, 60).

A weak positive charge is located in the active site of
choline oxidase in proximity of the N(1)sC(2)dO locus of
FAD, as suggested by both the stabilization of the anionic
semiquinone and the high affinity of the enzyme for sulfite
(43). By analogy with other members of the GMC oxi-
doreductase superfamily whose three-dimensional structure
is available, such as glucose oxidase (61, 62), cholesterol
oxidase (63, 64), and cellobiose dehydrogenase (65), it is
likely that the positive charge in choline oxidase is provided
by the dipole of anR-helix.

A steady-state kinetic analysis of choline oxidase fromA.
globiformiswas recently reported at pH 7 (18). The results
of the kinetic studies reported here indicate that recombinant
and native choline oxidase share identical steady-state
sequential mechanisms in which the products are released
from the oxidized enzyme (Scheme 2), and most importantly,
that the order of the kinetic steps involving substrate binding

and product release is not affected by pH. Independent
evidence for product release occurring after reaction of the
reduced enzyme with oxygen is provided by the competitive
inhibition patterns observed with glycine betaine versus both
choline and betaine aldehyde. The product inhibition patterns
observed in this study also rule out possible kinetically
relevant conformational changes occurring after release of
the product from the enzyme active site, such as those
observed with nitroalkane oxidase (66).

His-466 with a pKa value of 7.5 was recently proposed to
participate in catalysis by accepting the hydroxyl proton of
choline, based on pH dependence studies in atmospheric
oxygen with choline oxidase fromA. globiformis and
sequence alignment comparison with other members of the
GMC enzyme superfamily (19). Consistent with those results,
an amino acid residue with a pKa value of 7.6 is seen in the
kcat/Km pH profile of recombinant choline oxidase determined
at varying concentrations of choline and oxygen. In the
kinetic mechanism of Scheme 2, thekcat/Km value for choline
is a combination of rate constants reflecting substrate binding,
k1 andk2, the catalytic step in which choline is oxidized to
betaine aldehyde,k3 and k4, and the kinetic step in which
the reduced enzyme-product complex is oxidized by
oxygen,k5, as illustrated by eq 8. This raises the possibility
that the catalytic base may be involved in oxygen reduction
rather than in substrate oxidation. However, the observation
that thekcat/Km values for oxygen are independent of pH
unequivocally establishes the involvement of the catalytic
base in the oxidation of choline to betaine aldehyde.

The pKa value of 7.5 seen in the pH profile of glycine
betaine inhibition is due to an amino acid residue that must
be protonated for product binding, as expected if this residue
is involved in binding the caboxylate moiety of glycine
betaine. This amino acid group is likely to be the same
histidine residue that must be unprotonated for catalysis and
is responsible for the pKa value of 7.6 observed in thekcat/
Km pH profile. Since pKa values determined with competitive
inhibitors are expected to reflect true equilibrium dissociation
constants, these results establish choline as a slow substrate
with little if any external forward commitment to catalysis
(67). This conclusion does not agree with that recently

4 In the kinetic mechanism of Scheme 2, the observed isotope effect
on thekcat/Km value is given by

Dkcat

Km
)

Dk3 +
k3

k2
+ 1.24

k4

k5[O2]

1 +
k3

k2
+

k4

k5[O2]
(67), where 1.24 is the value for the equilibrium kinetic isotope effect
for the conversion of an alcohol to an aldehyde (72). If the forward
commitment to catalysisk3/k2 is negligible, any decrease in the observed
kinetic isotope effect must be due to the reverse commitment to catalysis
k4/k5[O2], which depends on the concentration of oxygen. Since choline
oxidase fromA. globiformishas aKm value for oxygen of 0.6 mM at
pH 7 and 19°C (18), and the concentration of oxygen in air-saturated
buffers at 19°C is ∼0.3 mM, it follows that under these conditions,
the rate of oxidation of the enzyme-bound reduced flavin becomes
significantly slow. Consequently, a significant increase in the reverse
commitment to catalysis is expected at concentrations of oxygen well
below saturation in the enzyme-catalyzed oxidation of choline.

kcat

Km
)

k1k3k5[O2]

k2k4 + k2k5[O2] + k3k5[O2]
(8)
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reported for choline oxidase fromA. globiformisbased on
pH and kinetic isotope effects studies using [1,2-2H4]-choline
in atmospheric oxygen, showing a decrease in theDkcat/Km

values with increasing pH (19). A reasonable explanation
that accounts for all the available data is that the decrease
in the apparentDkcat/Km values with increasing pH when the
concentration of oxygen is well below saturation is not due
to choline being a fast substrate for the enzyme as originally
proposed (19) but to the reverse catalytic step (k4 in Scheme
2) becoming significantly fast as compared to the kinetic
step in which the enzyme-bound reduced flavin is oxidized
(k5 in Scheme 2).4

No ionizable groups with a pKa value in the pH range
from 6 to 10 are required for oxygen reduction in the betaine
aldehyde- or glycine betaine-choline oxidase complexes, as
suggested by the pH independence of thekcat/Km values for
oxygen with either choline or betaine aldehyde as substrate.
These data are consistent with a hydrophobic environment
being required for flavin activation in the reduced enzyme-
product complexes. In this respect, a hydrophobic channel
that may serve as an entrance for oxygen to the active site
was recently proposed for another member of the GMC
oxidoreductase superfamily, cholesterol oxidase (68). Oxygen
reactivity in choline oxidase therefore appears to be different
from that of glucose oxidase, for which protonation of the
active site His-516 residue was recently shown to increase
the reactivity of the reduced enzyme toward oxygen by about
4 orders of magnitude (69).

In summary, the results of the studies on choline oxidase
presented herein have established that the enzyme is a typical
flavoprotein oxidase, showing formation of an anionic flavin
semiquinone and reactivity with sulfite. However, stabiliza-
tion of the flavin semiquinone by the enzyme is unusual in
that it occurs in the presence of molecular oxygen. Such a
lack of reactivity toward oxygen has allowed a spectroscopic
characterization of the enzyme-bound anionic flavin semi-
quinone and to establish that the flavin semiquinone does
not participate in catalysis. From a mechanistic standpoint,
the kinetic data presented here have indicated that the recently
proposed catalytic base of choline oxidase, His-466, partici-
pates in the oxidation of the organic substrate but not in the
reduction of molecular oxygen.
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