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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. (208&h. 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 (wita = 11.4 M~ cm™1) and

emitted light at 530 nm (witllex at 452 nm). The affinity of the enzyme for sulfite was high (witKa

value of~50 uM at pH 7 and 15°C), suggesting the presence of a positive charge near the N(50(2)

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 nnasgwith19.95 Mt cm™1),

maximal fluorescence emission at 454 nm (Withat 372 nm), circular dichroic signals at 370 and 406

nm, and an ESR peak-to-peak line width of 13.9 G. Both-Wis 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 Scheme 1

oxidation of choline to glycine betaineN{N,N-trimethyl- H,0, H,0, .
glycine; betaine) via betaine aldehyde as intermediate cHy N~~~ %> (CH3)3N*/\H/H e (CH3)3N*G(°
(Scheme 1)1). The enzyme contains covalently bound FAD 02 O H0.0, 0
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 §, 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

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

hi;tidinol dehydrogenase (EC 1'1'1'23)’ a_pyridine nuc.IeT plants lacking efficient glycine betaine biosynthetic systems
otide-dependent enzyme well-characterized in its mechan|st|c(20_26) and of clinical isolates of a number of human

and biochemical properties7/{£17). In contrast, limited _

kinetic information is available on choline oxidage3(19). pathogens7—34).
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-

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-FABC
theT H‘Tiz riﬁ%ﬂ}‘é"ﬁ:ﬁﬁ‘égf’ggg% ti” (F();a(r;t )b;’nﬁr:rg;'zgrfﬁﬁg;gﬁ gi’gt complex and oxidation of choline to yield betaine aldehyde
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Scheme 2 was started by the addition of the enzyme. When the pH
ks was varied, 50 mM potassium phosphate was used between
E-FADBA  ==== E-FAD.sGB pH 6 and 8, and 50 mM sodium pyrophosphate was used in
Al K ' ‘ 0, the pH ranges56 and 8-10. Product inhibition studies were
B 1 7 NI,0 carried out by varying the concentrations of both glycine
GB 22
E-FAD A E-FAD..-GB betaine and choline (or betaine aldehyde) in air-saturated 50
* ki o mM potassium phosphate, pH 6.75. One unit of enzymatic
k; ||k, C k[ 7 activity corresponds to the consumption of gmeol of
0, oxygen per minute.
E-FAD,,-C E-FADyeq-GB UV—vis absorbance spectra were recorded using an
e el Agilent Technologies diode-array spectrophotometer Model
41 0, H,0, e HP 8453 equipped with a thermostated water bath. Fluores-
E-FAD,,-BA AESA» E-FAD,,-BA 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 2.

Methods.Oxidized FAD-containing choline oxidase was
prepared at 4C by dialysis against theel L changes of 20
mM potassium phosphate, 20 mM sodium pyrophosphate,
pH 6 over 24 h, followed by taw 1 L changes of 200 mM
Tris-Cl, pH 8 over 5 h. This enzyme could be stored-20
°C for at least 7 months without losses in enzymatic activity.
The oxidized flavin content of choline oxidase as purified
was determined from th&A s, after treatment of the enzyme
with 5 mM dithionite in air-saturated 200 mM Tris-Cl, pH
8, using aress; value of 8.4 mM* cm2, which corresponds
to the difference between the extinction coefficients for the
enzyme-bound oxidized flavirefs = 8.4 mM~* cm™1) and

as substrate (upper loop in Scheme 2), after formation of
the E-FAD«-BA complex, betaine aldehyde is oxidized to
yield glycine betaine bound to the reduced enzyme. Turnover
is completed with reaction of the E-FARGB complex with
molecular oxygen and the final release of the product glycine
betaine. A catalytic base withKp 7.5 was proposed to
participate in catalysis based on pH and substrate kinetic
isotope effect studies on the enzyni)(

Our group recently cloned the gene encoding for choline
oxidase from genomic DNA oA. globiformisstrain ATCC
8010 and expressed it to high yieldskscherichia coli(6).

The resulting protein was purified to homogeneity and shown
to be a homodimer of 120,000 Da with each subunit
co_ntaining cova.lle'ntly linked FAD in a mixture of semi- semiquinone flavin dss; = 3 MM~ cm-%). Reduction of

quinone and oxidized redox statd).(In the present study,  gjine oxidase with sodium dithionite was conducted

we have devise_d methoqls to qbtain h_omogene(_)us preparaélerobically in 200 mM Tris-Cl, pH 8 at 15C. Dithionite
tions of recombinant choline oxidase with the flavin cofactor was either prepared just before use in the same buffer or

either in the oxidize_d orin .the semiq.uinc.)ne state _and have added to the enzyme solution as a powder. For reactions with

charapterlzed the biochemical and kinetic properties of the sodium sulfite, the reagent was prepared just prior to use as

resulting forms of enzyme. a 1 M stock solution in 100 mM potassium phosphate, pH
7. Different amounts of sodium sulfite ranging from 0.5 to

EXPERIMENTAL PROCEDURES 25 mM were added to the enzyme solution in 100 mM

Materials.Choline chloride was from ICN Pharnaceutical, potassium phosphate, pH 7, at 46, and UV+~vis absor-
Inc. Betaine aldehyde and glycine betaine were from Sigma- bance spectra were recorded at different interval periods.
Aldrich. Recombinant choline oxidase frof globiformis Reversibility of the flavin-sulfite complex was determined

strain ATCC 8010 was expressed from plasmid pie@dAL by following the increase in absorbance at 452 nm following
and purified to homogeneity as described in @efCholine removal of the unbound sulfite by gel filtration using a
oxidase as purified was stored-af0 °C in 200 mM Tris- Sephadex G-25 column (PD-10 column, Amersham-Phar-

Cl, pH 8, and found to be stable for at least six months. All macia Biotech) equilibrated with 200 mM Tris-ClI, pH 8. For
other reagents were of the highest purity commercially treatment of choline oxidase with an oxidizing agent under
available. nondenaturing conditions, the enzyme was incubated with
Enzyme Assay$he concentration of choline oxidase was 10 mM potassium ferricyanide for 30 min on ice in 10%
determined with the method of Bradfor85), by using the glycerol, 1 mM EDTA, 20 mM Tris-Cl, pH 8 before
Bio-Rad protein assay kit with bovine serum albumin as the removing ferricyanide by gel filtration using a Sephadex
standard. Enzyme activity was measured with the method G-25 column equilibrated with 20 mM Tris-Cl, pH 8.
of the initial rates 86) in air-saturated 50 mM potassium ESR spectral data were recorded in 3 mm quartz tubes at
phosphate at pH 7 by monitoring the rate of oxygen 141 K using a Bruker ER200D spectrophotometer equipped
consumption with a computer-interfaced Oxy-32 oxygen- with an Oxford cryostat. Samples were prepared for ESR
monitoring system (Hansatech Instrument Ltd.) thermostatedanalysis by gel filtration through a Sephadex G-25 column
at 25°C. The reactions were started by the addition of choline equilibrated in 50 mM HEPES, pH 8, followed by freezing
oxidase ® a 1 mLreaction mixture, with the final concentra- in liquid nitrogen. The following conditions and instruments
tion of enzyme in the 0.20.6 uM range; the concentration  settings were used: microwave power, 2 m\W; modulation
of choline or betaine aldehyde was between 0.02 and 15 mM.amplitude, 2 G; and microwave frequency, 9.4 GHz.
When both choline (or betaine aldehyde) and oxygen Data AnalysisKinetic data were fit with the KaleidaGraph
concentrations were varied, the assay reaction mixture wassoftware (Adalbeck Software, Reading, PA) and the Enzfitter
equilibrated at the concentration of oxygen by bubbling the software (Biosoft, Cambridge, UK). Apparent kinetic pa-
appropriate @N, gas mixture for 10 min before the reaction rameters in atmospheric oxygen were determined by fitting
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initial reaction rates at different substrate concentrations to 25 =
the Michaelis-Menten equation for one substrate. Initial rates - 200 L7 §100-
determined by varying the concentration of both choline or Eisl
betaine aldehyde and oxygen were fit to eqs 1 and 2, s
£
w

', 452 nm

respectively. Eq 1 describes a sequential steady-state kinetic p
mechanism, whereas eq 2 describes a sequential mechanism 5
in which K, < Ki, (37). Kz andK,, are the Michaelis constants 0
for choline (or betaine aldehyde) (A) and oxygen (B),
respectively, and., is the turnover number of the enzyme

(e).

. PSS !
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Ficure 1: Reaction of recombinant choline oxidase with sodium
dithionite. Dashed line, the UWvis absorbance spectrum of choline
B oxidase as purified was recorded at a concentration giMidn
kcaA (1) 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

U_
e KB+ KA+AB+ KK,

B column equilibrated with the same buffer; dotted line, after treatment
v_ Keal ) of the flavin semiquinone-containing enzyme lwit M urea at 40
e KA +AB+ KK, °C for 40 min. Inset, fluorescence emission spectrum of flavin

semiguinone-containing choline oxidase at a concentration: 8
in 200 mM Tris-Cl, pH 8 and 15C. The excitation wavelength

The pH dependences of steady-state kinetic parameter as at 372 nm.

were determined by fitting initial rate data to eq 3, which

describes a curve with a slope-tfl and a plateau region at

high pH. The pH dependence of inhibition by glycine betaine semiquinone states (E-FAJXJ) (6). Upon treatment of the
was determined by fitting the initial rate data to eq 4, which enzyme with 10 mM potassium ferricyanide at pH 8 followed
describes a curve with a slopeefl and a plateau region at by gel filtration to remove the oxidizing agent, no significant
low pH. C is the pH-independent value of the kinetic spectral changes in the near-UV and visible regions of the

parameter of interest. absorbance spectrum were observed (data not shown). These
results indicate that the addition of an oxidant under
log Y = log C - 3) non_denatu_ring conditions had no effect on the enzyme-bound
10 PH flavin semiquinone.
1+ 10PKs Spectral Properties of Flan Semiquinone-Containing
Choline Oxidase (E-FAL). When the enzyme was incubated
_ C aerobically with 5 mM dithionite, a bleaching of the peak at
log Y=log 107 (4) 454 nm was observed in the visible absorbance spectrum of
1+—— the enzyme, and a spectrum with maxima at 372 and 495
0" nm was obtained (data not shown). TAA s, was used to

determine the FAR content per enzyme active site by using
the €45, 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

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 57, which describe competitive, uncompetitive, in the oxidized state, ranging from 15 to 55% of the total

&nedocogﬁfcﬂﬂits'ttﬁén:‘e'g'tf;i\f’;ne?iss ?;éhciﬁéggz;igg%fﬂavin content (data not shown). Removal of excess dithionite
9 »resp Y. by gel filtration yielded a similar absorbance spectrum

%ﬁ'ﬁ: Sbke)ztaén:r; da?r:f:r?re]dtl(t“e?rae :2(: |22;it\)llglon constants (Figure 1), indicating that the enzyme is capable of stabilizing
P P TSP y: the anionic semiquinone species of the flavin (RN the

v .\ presence of molecular oxygen. Upon incubation of the

- = P (5) FADscontaining choline oxidase in the presence of 4 M

€ Kd[ 1+ (—)] +A urea, the visible absorbance spectrum of oxidized FAD with
Kis the typical peaks centered at 350 and 452 nm was observed

(Figure 1), consistent with the FARbeing stabilized by the

v_ KeaA (6) protein microenvironment and the cofactor becoming fully
e K 4+ Al1+ P oxidized by molecular oxygen upon unfolding the protein.
a K An extinction coefficient of 19.95 mw cm~! was calculated
at 372 nm for the enzyme-bound semiquinone of choline
v KeaA oxidase based upon theso value of 11.3 mM?* cm™* for

P S : S (7) FAD! after denaturation of the enzyme by treatment with

Ka[l + (K—) +A|l+ (K_)] urea @8). At pH 8 and 15°C, the enzyme-bound anionic
1S L i semiquinone emitted light at 454 nm upon excitation at 372

RESULTS nm (Figure 1). As for the case of the visible absorbance
spectrum, the typical fluorescence properties of oxidized

Choline Oxidase as Purified (E-FA[Ry). As shown in FAD with maximal emission at 530 nm (withynax at 450
Figure 1, the UV~vis absorbance spectrum of recombinant
choline oxidase as purified at pH 8 suggests that the enzyme- 1 is assumed here that thaso for 8a-N(1)-histidyl FAD is the
bound FAD is present as a mixture of oxidized and anionic same as that for free FAD in solution, with a value of 11.3 Mk 2.
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FiGure 2. Circular dichroism spectrum of flavin semiquinone- o oc 4. Conversion of E-FABysqto E-FADy. Choline oxidase
containing choline oxidase. Solid line, choline oxidase after as purified at a concentrationsqof 38M (\)/\X/.as incubated in
treatment with 5 mM sodium dithionite in aerobiosis followed by o satrated buffer at pH 6 and 2. Absorbance spectra were
gel f||tr§t|on| onto a_Sgphage?g G-25ﬂco|umn equmbra;teﬁ W'ftlh 200 ecorded at different times of incubation until no further spectral
mM Tris-Cl, pH 8, dotted line, after treatment o tfe avin - changes were observed. Only selected spectra are shown: curve 1,
semiquinone-containing enzyme Wit M urea at 40°C for 30 absorbance spectrum of choline oxidase recorded 1 min after gel
min. Spectra were recorded at 22. filtration of the enzyme through a Sephadex G-25 column equili-
brated with 20uM 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— 0.071€%7% (R2= 0.9997).
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, ! , Ficure 5: Reaction of FARy-containing choline oxidase with
3300 3350 3400 sodium dithionite. Solid line, the U¥vis absorbance spectrum of
FAD,y-containing choline oxidase was recorded at a concentration
of 75 uM in 200 mM Tris-Cl, pH 8; dashed line, air-stable
Ficure 3: Electron spin resonance spectrum of recombinant choline semiquinone-containing enzyme prepared by treatment with 5 mM
oxidase. Spectra of choline oxidase were acquired at a concentratiorsodium dithionite in aerobiosis and gel filtration onto a sephadex
of 60 uM in 50 mM HEPES, pH 8. The following spectral  G-25 column equilibrated with the same buffer. Inset, fluorescence
conditions were used: microwave power, 2 mW,; modulation emission spectrum of FAR-containing choline oxidase at a
amplitude, 2 G; gain, 6.3« 1% temperature, 141 K. Panel A,  concentration of 1%M in 200 mM Tris-Cl, pH 8 and 18C. The
choline oxidase as purified; panel B, flavin semiquinone-containing excitation wavelength was at 453 nm.

choline oxidase prepared freshly by the addition of sodium dithionite

Magnetic Field, Gauss

and gel filtration onto a Sephadex G-25 column. band centered at 373 nm and concomitant increase of
. _ absorbance at 452 nm (Figure 4). The resulting enzyme
nm) were observed upon denaturation of the Ef@ntain-  species showed absorbance maxima in the near-UV and

ing enzyme by treatment with urea (data not shown). The visible regions centered at 359 and 452 nm, as expected for
circular dichroism spectrum of the E-FAform of choline an enzyme with the bound flavin in the oxidized state (E-
oxidase showed a negative band at 370 nm, a sharp positiveFAD,,). At 15 °C, akoss value of 219+ 1 x 107° s™! was
band at 406 nm, and a broad negative dichroic signal determined from the absorbance changes at 452 nm for the
spanning from 450 to 650 nm (Figure 2). Such a spectrum complete conversion of E-FARs, to E-FAD, (Figure 4,
is in agreement with previously reported circular dichroic inset). To minimize possible protein losses due to the
spectra of enzyme-bound anionic flavin semiquinor8% (- prolonged incubation of the enzyme at pH 6, E-RADas
40). also prepared by dialysis at€. When 1300 units of choline
As an independent approach to characterizing the enzyme-oxidase as purified were dialyzed at pH 6 for 24 h, 4100
bound semiquinone flavin of choline oxidase, ESR spectra units of E-FADQy were recovered, consistent with the
of the enzyme as purified and of the semiquinone-containing formation of E-FAQy being due to oxidation rather than
enzyme were determined. As shown in Figure 3, E-GAP  denaturation of E-FAR, As shown in Figure 5, an extinction
yielded an ESR signat& G with a peak-to-peak line width  coefficient at 452 nm of 11.4- 0.6 mM! cm™t was
of 15.4 G, providing further evidence for the presence of an calculated for E- FAI) from six independent experiments
anionic flavin semiquinone in the enzymélj. A similar after denaturation of the enzyme by treatment with urea. A
ESR spectrum with peak line width of 13.9 G was observed fluorescence emission spectrum with a maximum at 530 nm
when the enzyme was analyzed after treatment with dithionite (with 1., at 452 nm) was observed for E-FAD providing
and gel filtration to remove the excess dithionite, further further evidence for the presence of oxidized FAD. As for
consistent with the formation of an air-stable anionic the case of the E-FARsq Species, a UV-vis absorbance
semiquinone upon reduction of the enzyme by dithionite. spectrum identical to that of E-FARPwas obtained upon
Spectral Properties of Oxidized FAD-Containing Choline aerobic addition of dithionite to E-FALR (data not shown).
Oxidase (E-FARY). Treatment of choline oxidase at pH 6 Formation of a covalertl(5)-flavin adduct with sulfite is
and 15°C resulted in the slow bleaching of the near-UV a feature that distinguishes flavoprotein oxidases from
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Ficure 6: Reaction of choline oxidase with sulfite. FAP
containing choline oxidase at a concentration of 48 was
incubated with 25 mM sodium sulfite in air-saturated 100 mM
potassium phosphate, pH 7 and 45. 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 afeh 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
toy = 0.03% + 0.0000049 R? = 0.999).

Absorbance

dehydrogenase?, 43). As shown in Figure 6, treatment ]

of FADo.-containing choline oxidase with sodium sulfite 300 400 500 600

resulted in the bleaching of the peak at 452 nm with the Wavelength, nm

concomitant appearance of a peak centered at 320 nmJFIGURE 7: UV—vis absorbance spectra of choline oxidase during

consistent with formation of a sulfits(5)-flavin adduct. At turnover with choline. Choline oxidase containing different relative
. o amounts of flavin semiquinone and oxidizied flavin was incubated

pH 7 and 15°C, complex f?”"a“on was SIOW and requ_lred for 30 min with 4 mM choline in air-saturated 100 mM potassium

s_everal hours for completion at concentrations of sulflt_e as phosphate, pH 7 and 1%, before stopping the reaction by gel

high as 25 mM. Values for the rate of complex formation filtration onto a Sephadex G-25 column equilibrated with the same

(kor) @and dissociationky) of 0.035+ 0.001 Mt s and buffer. UV—vis absorbance spectra were recorded for the enzyme

4.9+ 8.4 x 106 s 1 were calculated from a plot dé, in the resting state before turnover (solid curve), under turnover
versus sulfite concentration, respectively (Fi Ere 6 iriset) (dashed curve), and in the resting state after turnover (dotted curve).
» resp y (Fig , * Panel A, 95«M choline oxidase containing FARs; panel B, 50

Although aker value not significantly different from zero ;M choline oxidase containing FAR and panel C, 72M choline
was observed, by using the upper limitikg value of 1.33 oxidase containing FAR. Spectra for the resting enzyme after

x 1075 s71 calculated from the sum of theintercept value turnover were normalized to those of the resting enzyme before
in Figure 5 and the standard deviation associated with the U"over.
measurement, an uppé&y value of ~40 uM could be
estimated from the ratio of thes to ko values. From a plot  vis absorbance spectrum substantially identical to that of the
of AAus, versus [sulfite], aKq value of 51+ 10 uM was resting state of E-FARsqwas observed (Figure 7), further
determined from the reaction at various concentrations of consistent with the flavin semiquinone not participating in
sulfite (data not shown), in fairly good agreement with the catalysis. When a freshly prepared sample of the E-EAD
value determined kinetically. Reversibility of the flavin- form of choline oxidase was subjected to the same treatment,
sulfite adduct was established by following the increase in no changes were observed in the Y¥is absorbance spectra
absorbance at 452 nm after removing the excess sulfite byof both the enzyme under turnover and in the resting state
gel filtration (data not shown). However, an accurate after removal of excess choline by gel filtration (Figure 7),
determination of thds value could not be carried out due in good agreement with the results observed with the enzyme
to instability of the enzyme over the prolonged incubation containing a mixture of oxidized and semiquinone flavins.
times required for complete sulfite dissociation. Although Finally, a peak centered at 356 nm was observed in the UV
the slow rates of sulfite complex formation and dissociation vis absorbance spectrum of the FAiontaining enzyme
observed with choline oxidase are atypical for flavoprotein in the presence of choline and oxygen, suggesting that this
oxidases, similar results were recently observed for anotherspecies of enzyme was fully reduced under these conditions
flavin-linked enzymeN-methyltryptophan oxidaset4). (Figure 7). After removing the excess choline by gel
Enzymatic Turnger of E-FADyysq E-FADs, and E-FADR, filtration, an absorbance spectrum substantially identical to
with Choline.To determine whether the flavin semiquinone that of the initial E-FADQy species in the resting state was
of choline oxidase participates in catalysis, choline oxidase observed (Figure 7). Altogether, the results of these experi-
containing either FARysq FADsq Oor FADx was incubated ~ ments are consistent with the flavin semiquinone of choline
with 4 mM choline in air-saturated 200 mM Tris-Cl, at pH oxidase being not catalytically competent and with the
8 and 15°C. As shown in Figure 7, a U¥vis absorbance  enzyme-bound flavin cycling between fully oxidized and
spectrum with maxima at 372 and 495 nm was observed reduced states during catalytic turnover of the enzyme with
with the FAD,ysqcoONtaining enzyme, suggesting that the the substrates.
enzyme-bound oxidized flavin was fully reduced in the  Steady-State Kinetic¥he steady-state kinetic parameters
presence of the substrate and that the flavin semiquinonefor recombinant choline oxidase were determined for both
did not react with choline or oxygen under enzyme turnover. the E-FADQy and the E-FADRysq forms of choline oxidase,
After removal of the excess choline by gel filtration, adV by measuring the rate of oxygen consumption at varying
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Table 1: Steady-State Kinetic Parameters for Recombinant Choline Oxidase with Choline or Betaine Aldehyde as Substrdte at pH 7

FADox/ kcar.y Ka, kca{ Kay KOZ, kca{ KOZ; Kiay
substrate FADiotal ste mMd M-igte uM M-1st mM eq R?
choline 1.00 66 1.7+0.3 36000+ 6400 703+ 102 87100+ 15300 0.2+ 0.05 1 0.998
choline 0.37 6Gt 5 29+0.3 21000+ 3000 830+ 90 72400+ 9900 0.2+ 0.03 1 0.999
betaine aldehyde 1.00 691 1090+ 30 64000+ 2100 2.2+ 0.09 2 0.998
betaine aldehyde 0.37 671 970+ 1 69000+ 100 2.3+ 0.01 2 1.000

aEnzyme activity was measured at varying concentrations of both organic substrate and oxygen in 50 mM potassium phosphate, pH 7 and 25
°C. P Oxidized flavin content per total enzyme-bound flavifRates are expressed per active site oxidized flavin corftéqtis the Ky, value for
either choline or betaine aldehyde as substrate/Ka is the keafKm value for either choline or betaine aldehyde as substrate.

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

FAD./ type of Keas K, Kis, Kii,
substrate FADiotaP inhibition® std mM mM mM eq R?

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+ 2 163+ 10 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 16 + 10 7 0.993

betaine aldehyde 1.00 C 6410.1 2.0+ 0.1 56+ 2 5 0.991
ucC 10.0+ 0.1 5.0+ 0.1 41+ 2 6 0.971

NC 7.6+0.7 2.8+ 0.7 51+ 26 16+ 10 7 0.960

0.37 C 59+ 0.1 26+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+ 04 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 25C. ? Oxidized flavin content per total enzyme-bound flavitC, competitive; UC, uncompetitive, and NC, noncompetitd/Rates
are expressed per active site oxidized flavin content.

concentrations of both organic substrate and oxygen at pHor E-FAD,« when the initial rates were expressed per active
7 and 25°C. As expected based on previous studiesfon  site of oxidized flavin (Table 2).

glObifOI’miSChOline OXidase:|(8), the kinetic data with choline pH Dependence of the.kand k./K. Values.The pH
and betaine aldehyde were fit best by egs 1 and 2, whichdependence of the kinetic parameters with choline as
describe sequential kinetic mechanisms with finite and subpstrate was determined at varying concentrations of both
negligible K, values, respectively3(). As shown in Table  choline and oxygen in the pH range-60. As shown in
1, when the kinetic parameters were expressed per activerigure 8, both thek.a/Km and thekey values for choline
site of oxidized flavin content, no Significant differences were increased with increasing pH' reaching ||m|t|ng values above
observed in théca andkea/Km values when enzyme forms  pH 8. Apparent f§, values of 7.6+ 0.2 and 7.1+ 0.2 were
with different FAD,/FADoi ratios were compared, provid-  determined for a group that must be unprotonated for
ing independent evidence that the flavin semiquinone of catalysis from thék./Kn andke. pH profiles, respectively.
choline oxidase does not participate in catalysis. In contrast, thek../Knm values for oxygen were independent
Product Inhibition StudiesAs an independent approach of pH, with values in the 1OM~* s range (Figure 9).
to examining the steady-state kinetic mechanism of recom- T4 establish whether a measuralg value could be
binant choline oxidase, the inhibition patterns of the product qetermined with betaine aldehyde as substrate for the
glycine betaine with respect to either choline or betaine enzyme, initial rates of reaction were measured at pH 6.5
aldehyde were determined in air-saturated buffer at pH 6.75.5nd" 10 by varying the concentrations of both betaine
As shown in Table 2, the results were best fit by eq 5, zidehyde and oxygen. At both pH values, the data were fit
consistent with glycine betaine being competitive versus pest to eq 2 (data not shown), consistent with being
either choline or betaine aldehyde. Moreover, similar kinetic independent of the concentration of betaine aldehyd (
parameters were obtained irrespective of the use of EdgAD  Thek, values with betaine aldehyde were 42 s 1 at pH
6.5 and 70+ 1 st at pH 10. As for the case of choline, the
2|f the flavin semiquinone were as catalytically competent as the Kea/Km Values for oxygen determined with betaine aldehyde

oxidized flavin in the reaction catalyzed by choline oxidase, similar gs the organic substrate were independent of the pH (Figure
kear and kea/Km values should have been obtained by expressing the 9)
enzymatic activity per active site total flavin content. Alternatively, if )
the flavin semiquinone were either less or more catalytically competent ~ As an approach to establishing whether some changes in

than the oxidized flavin, due to the kinetic complexity of the reaction the kinetic properties of the enzyme take place in the

catalyzed by choline oxidase, significantly differdgaf, Km, Kia, and .
kealKm values should have been observed irrespective of whether the conversion of E-FARysqto E-FAD,, the pH dependences

enzymatic activity is expressed per active site oxidized flavin content Of the kinetic parameters with choline as substrate for both
or total flavin content. Within experimental error, the kinetic results enzyme species were determined in air-saturated buffer in

observed with enzyme forms containing different relative amounts of the pH range from 5 to 10. As shown in Figure 10, both the
flavin semiquinone and oxidized flavin are therefore consistent with ’ ’

the conclusion that the oxidized flavin is solely responsible for catalytic Kea/Km a@nd the kear values yielded similar pH profiles
activity. irrespective of whether the E-FAPRor E-FADoysq Species
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FIGURES: pH dependence of tHea/K, andkex values for choline ~ F/GURE 10: pH dependence of the apparent kinetic parameters of
as substrate for recombinant choline oxidase. Choline oxidase E-FADoxsqand E-FAR, with choline as substrate. Choline oxidase
activity was measured at varying concentration of both choline and activity was measured in air-saturated buffer afes (@) Values
oxygen at 25C as described in the Experimental Procedures. The determined with E-FAR,; (O) values determined with E-FALdsq

lines are fits of the data to eq 3. Panel A, pH dependence of the The lines are fI'[S.Of the data to eq 3. Panel A, pH dependence of
kea/Km values; panel B, pH dependence of tag values. the keofKny vValues; panel B, pH dependence of thg values.
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) . Ficure 11: pH dependence of inhibition by glycine betaine. At
Ficure 9: pH dependence of thea/Km values for oxygen with  e5ch pH value, choline oxidase activity was measured at varying
choline or betaine aldehyde as substrate for recombinant choline o centrations of both choline and glycine betaine in air-saturated

oxidase. Choline oxidase activity was measured at varying con- p tfer at 25°C. TheK;s values for glycine betaine were determined
centrations of both choline (or betaine aldehyde) and oxygen at 25 by fitting the initial ra

°C as described in the Experimental Procedures). Values t0 eq 4 te data to eq 5. The fine is a fit of the data
determined with choline; A) values determined with betaine '
aldehyde. The line represents the average pH-indepeRgght,

¢ ! guinone is unusually insensitive to both molecular oxygen
value with choline as substrate.

and oxidizing agent ferricyanide, suggesting that the unpaired

s ... _electron is localized in a region of the flavin that is not
was used, indicating that no changes other than the oxidation

: : accessible for reaction. Earlier studies on native choline
of E-FADsq occur in the preparation of E-FARDY treatment oxidase fromAlcaligenessp. showed that an anionic semi-
at pH 6. The K, values were 7.4- 0.1 and 7.3 0.1 in the

: ) guinone that was poorly reactive toward oxygen is stabilized
Igcﬁ/l;f:oﬁ:;sp;siwleé_?:rf;'ﬁ doé.gzas'%e%;egiﬁﬁh by the enzyme45), suggesting that this property does not
X S ’

. arise from the expression of the recombinant enzyme in the
agreement wiih the \(alues .Of #20.2 and 6".& 0'1. recently heterologous system used in our study. A rationale for the
determined for choline oxidase fro globiformis(19).

o ) ) unusual air stability of the flavin semiquinone can be
pH Dependence of Inhibition by Glycine Betaifiée pH  proposed based on recent ab initio theoretical calculations,

dependence of the inhibition by glycine betaine was deter- showing that most of the spin density in anionic flavin
mined in atmospheric oxygen using choline as substrate for semiquinones is distributed on either the benzene ring or the
E-FADox. As shown in Figure 11, the data were fit best by N(5) position of the flavin 46, 47). The flavinN(5) locus is

eq 4, consistent with a single ionizable group withk.p  expected to be freely accessible to oxygen because of the
value of 7.5+ 0.1 that must be protonated for inhibition. gje it plays in catalysis by accepting the hydride equivalent

enerated in the oxidation of the substrate. In contrast, the
DISCUSSION 9 | Xidati u

Recombinant choline oxidase expressecEircoli cells 3 The rate of reaction with oxygen of anionic flavin semiquinones
contains between 35 and 85% of bound flavin in an anionic in solution is almost diffusion-controlled, with second-order rate

- . . . . constant values of 20 ~1s71 (70, 71). That for enzyme-bound anionic
semiquinone form that requires the protein microenvironment semiquinones has been reported for glucose oxidase to be in the 10

to be stabilized. At pH 8, this enzyme-bound flavosemi- M~! st range §0).
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benzene ring of FAD is involved in ao8N(1)-histidyl and product release is not affected by pH. Independent
linkage with the protein4) and is likely to be hindered by  evidence for product release occurring after reaction of the
the protein moiety. Stabilization of the spin density on the reduced enzyme with oxygen is provided by the competitive
benzene ring of the anionic semiquinone might further be inhibition patterns observed with glycine betaine versus both
contributed by the inductive effect of the flaviro8N(1)- choline and betaine aldehyde. The product inhibition patterns
histidyl linkage with the protein moiety. observed in this study also rule out possible kinetically

The choline oxidase-bound semiquinone undergoes a slowrelevant conformational changes occurring after release of
conversion to the fully oxidized state at pH 6, indicating that the product from the enzyme active site, such as those
a 100-fold increase in proton concentration significantly observed with nitroalkane oxidaség].
destabilizes the flavin radical. Although not investigated  His-466 with a )X, value of 7.5 was recently proposed to
further in this study, a possible rationale for the oxidation participate in catalysis by accepting the hydroxyl proton of
of the flavin semiquinone in choline oxidase is that at low choline, based on pH dependence studies in atmospheric
pH a limited fraction of the enzyme-bound semiquinone oxygen with choline oxidase fronA. globiformis and
becomes protonated to yield the neutral species of thesequence alignment comparison with other members of the
semiquinone, which would be readily oxidized by molecular GMC enzyme superfamilyl@). Consistent with those results,
oxygen because of localization of the unpaired electron on an amino acid residue with &gpvalue of 7.6 is seen in the
the highly oxygen-reactiv€(4a) locus of the flavin 43). keaf Km pH profile of recombinant choline oxidase determined
pH-dependent stabilization of both anionic and neutral flavin at varying concentrations of choline and oxygen. In the
semiquinones by the same enzyme was previously shownkinetic mechanism of Scheme 2, thg/Kr, value for choline
in another member of the GMC oxidoreductase superfamily, is a combination of rate constants reflecting substrate binding,
glucose oxidase4@, 49), for which it was shown that the  k; andk;, the catalytic step in which choline is oxidized to
neutral semiquinone reacts with oxygen with a second-orderbetaine aldehydess and ks, and the kinetic step in which
rate constant of 1.4« 10* M~ s™1 at 25°C (50). Unusual the reduced enzymeproduct complex is oxidized by
stabilization of neutral semiquinones by flavoprotein oxidases oxygen,ks, as illustrated by eq 8. This raises the possibility
was also reported for nitroalkane oxidasé)(andp-amino that the catalytic base may be involved in oxygen reduction
acid oxidase in the presence of benzoic a&g).( rather than in substrate oxidation. However, the observation

The spectral studies of the enzyme under turnover establishthat thek../Kn values for oxygen are independent of pH
that the flavin semiquinone of choline oxidase is not unequivocally establishes the involvement of the catalytic
catalytically relevant and that the enzyme under turnover base in the oxidation of choline to betaine aldehyde.
cycles between its fully oxidized and fully reduced states.
This conclusion is further supported by kinetic data, showing Keat K, ksks[O,]
a good correlation between the turnover numbers of the K.~ Kok, + Koke[O,] + Koke[O,] (8)
enzyme with choline and betaine aldehyde as substrate and mooTeM 2 2 3
the content of oxidized flavin per active site. Consistent with
the lack of catalytic role for the flavin semiquinone, variable b
FAD/FADsq ratios for the enzyme-bound flavin are ob-
served among different preparations of enzy®e 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 catalysis5@). In contrast, air-stable flavin
semiquinones for which a catalytic role of the flavin radical
was proposedy4, 55) were reported in the resting state of
monoamine oxidase B56—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(£)C(2=0 locus of
FAD, as suggested by both the stabilization of the anionic

The K, value of 7.5 seen in the pH profile of glycine
etaine 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 thek, value of 7.6 observed in thea/

Km pH profile. Since K, 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

41n the kinetic mechanism of Scheme 2, the observed isotope effect
on thek./Kn value is given by

semiquinone and the high affinity of the enzyme for sulfite o kg Ky
(43). By analogy with other members of the GMC oxi- o, et T 10
doreductase superfamily whose three-dimensional structure K K K

is available, such as glucose oxida$d, (62), cholesterol " 1+k—2+ ks[(;z]

(.)dease 63, 64), "?“.‘d Ce”Oblo.Se dehydrog_enaﬁ)( It IS. (67), where 1.24 is the value for the equilibrium kinetic isotope effect

likely that the positive charge in choline oxidase is provided for ‘the conversion of an alcohol to an aldehyd@)( If the forward

by the dipole of aro-helix. commitment to catalysik/k. is negligible, any decrease in the observed
A steady-state kinetic analysis of choline oxidase frism kinetic isotope effect must be due to the reverse commitment to catalysis

. . ka/ks[O2], which depends on the concentration of oxygen. Since choline
globiformiswas recently reported at pH 78). The results oxidase fromA. globiformishas aK, value for oxygen of 0.6 mM at

of the kinetic studies reported here indicate that recombinantpH 7 and 19C (18), and the concentration of oxygen in air-saturated
and native choline oxidase share identical steady-statebuffers at 19°C is ~0.3 mM, it follows that under these conditions,

sequential mechanisms in which the products are released?® "ate of oxidation of the enzyme-bound reduced flavin becomes
significantly slow. Consequently, a significant increase in the reverse

from the oxidized enzyme (Scheme 2), and most importantly, commitment to catalysis is expected at concentrations of oxygen well
that the order of the kinetic steps involving substrate binding below saturation in the enzyme-catalyzed oxidation of choline.
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reported for choline oxidase frow. globiformisbased on 7.

pH and kinetic isotope effects studies using [32}-choline
in atmospheric oxygen, showing a decrease inPlQg/Kn, 9
values with increasing pH10). A reasonable explanation

that accounts for all the available data is that the decrease 10.
11.

in the apparentk../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
proposed19) but to the reverse catalytic stel, (n Scheme

2) becoming significantly fast as compared to the kinetic
step in which the enzyme-bound reduced flavin is oxidized
(ks in Scheme 2}.

No ionizable groups with alg, 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 ofkhéK, 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 oxid&8}. 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

N

N

the reactivity of the reduced enzyme toward oxygen by about 26
27.

4 orders of magnitudesg).
In summary, the results of the studies on choline oxidase

presented herein have established that the enzyme is a typical28:

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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