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I.INTRODUCTION

Thefirstrecognitionofanunusualenzymeresponsibleforoxidationoflactateinmy­
cobacteriacamefromtheworkofEdson,1whofoundthatcrudeextractsofMycobacterium
phleioxidizedonlytheL-isomeroflactateinareactionrequiringmolecularoxygen.Pyruvate
andacetatewerenotoxidizedbytheseextracts,norcouldpyruvateorH202bedetectedto
accumulateduringtheoxidationofL-Iactate.Instead,acetatewasfoundtoaccumulate,and
astherewasliberationofCO2stoichiometricwithlactateandO2consulned,theoverall
reactioncouldbewritten:

L-Lactate+O2~Acetate+CO2+H20

Partialpurificationofthecrudeextractshowedthatactivitywasassociatedwithayellow
color,andEdsonconcludedthatthelactateoxidasewasprobablyaflavoprotein.Hedetected
flavineadeninedinucleotide(FAD)inthesupematantafteraciddenaturationbyusingthe
apo-n-aminoacidoxidasetestofWarburgandChristian,

2
anotsurprisingfindinggiventhe

smalldegreeofpurification.Aswillbediscussedlater,theenzymeonextensivepurification
wasindeedfoundtobeaflavoprotein,butcontainingflavinmononucleotide(FMN)as
prostheticgroup.Edsonalsofoundthatunderanaerobicconditions,withmethyleneblueas
acceptor,lactatewasoxidizedtopyruvate.Thiswaslatershowntobeduetothepresence
ofanotherenzyme,3-5butfortuitouslyledEdsontosuggestwhatisinessencethesequen.ce
ofreactionsresponsiblefortheoxidativedecarboxylationreaction:

CH3CHOHCOOH+Flox~CH3COCOOH+FlredH2

~FlredH2+O2~Flox+H202

CH3COCOOH+H202~CH3COOH+CO2+H20
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I. INTRODUCTION

The first recognition of an unusual enzyme responsible for oxidation of lactate in my­
cobacteria came fram the work of Edson, 1 who found that crude extracts of Mycobacterium
phlei oxidized only the L-isomer of lactate in areaction requiring molecular oxygen. Pyruvate
and acetate were not oxidized by these extracts, nor could pyruvate or H20 2 be detected to
accumulate during the oxidation of L-Iactate. Instead, acetate was found to accumulate, and
as there was liberation of CO2 stoichiometric with lactate and O2 consulned, the overall
reaction could be written:

L-Lactate + O2~ Acetate + CO2 + H20

Partial purification of the crude extract showed that activity was associated with a yellow
color, and Edson concluded that the lactate oxidase was probably a flavoprotein. He detected
flavine adenine dinucleotide (FAD) in the supematant after acid denaturation by using the
apo-n-amino acid oxidase test of Warburg and Christian,2 a not surprising finding given the
small degree of purification. As will be discussed later, the enzyme on extensive purification
was indeed found to be a flavoprotein, but containing flavin mononucleotide (FMN) as
prosthetic group. Edson also found that under anaerobic conditions, with methylene blue as
acceptor, lactate was oxidized to pyruvate. This was later shown to be due to the presence
of another enzyme,3-5 but fortuitously led Edson to suggest what is in essence the sequence
of reactions responsible for the oxidative decarboxylation reaction:
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Edsoninitiallysuggestedthatthecatalyticreactionwascompletedbytheknownfree
chemicalreactionofoxidativedecarboxylationoccurringnonenzymically;itwaslatershown
byLockridgeetal.

6
thatthelatterreactionisindeedacrucialstepincatalysis,butoccurs

whilethetworeactants,pyruvateandH202,arestillenzymebound.
SeveralyearsafterEdson'sstudies,Yamamuraetal.

3
partiallypurifiedtwoL-Iactate

oxidizingenzymesfromMycobacteriumtuberculosisavium,onesimilarincatalyticprop­
ertiestotheEdsonenzyme,theotheroxidizingL-Iactatetopyruvatewithmethyleneblue
asacceptor,aerobicallyoranaerobically.Theoxidativedecarboxylaseactivitycorrelated
withtheFADcontent,soitwasconcluded,inagreementwithEdson,thattheenzymewas
aFAD-containingflavoprotein.Uncertaintywassooninjected,however,byacommuni­
cationinNature,7whereitwasstatedthat"ourassumptionidentifyingthelacticenzyme
withaflavoproteinhasprovedtobefalse."Whilenodetailsweregiven,thisconclusion
wasreinforcedbythefirstofaseriesofpapersbySutton4onthepurificationandproperties
oftheenzymesfromM.phlei.Althoughtheenzymepurificationwasmodest(-.,10x),no
FADcouldbedetected,andSuttonconcludedthattheabsorptionspectrumalsoexcluded
"otherriboflavin-containingnucleotides."Healsoconcludedthatsinceneitherarsenitenor
ketoacidfixativessuchashydroxylamineorhydrazineinfluencedthereaction,pyruvate
couldnotbeanintermediate.Similarly,sincecatalasewaswithouteffect,hearguedthat
H202couldnotbeinvolved.However,aspointedoutbyEdsonandCousins,7thepossibility
existedthat"pyruvateandhydrogenperoxide(may)reactspontaneouslyontheenzyme
surfacewheretheyoriginate"andsocouldescapedetectionasfreecompounds.Aswillbe
discussedinmoredetaillater,thispredictionprovedtobevalid.

Furtherelectrophoreticpurificationoftheenzyme
8

resultedintheseparationofan
inactivebrownfraction,withtheresultthatthe"preparationwasbrightyellowandgavea
typicalflavoproteinabsorptionspectrum."Unfortunately,nospectrumwasreported,norany
detailsgivenwhichwouldpermitassessmentofthepurity.Analysisoftheflavinreleased
byacetone-HCItreatmentorbyacid-(NH4)2S04showedasingleflavinwithpropertiesclosely
similartothoseofFMN.Finally,theenzymewasobtainedinpurecrystallineform,sedi­
mentingintheultracentrifugewithasingleSchlierenpatternclearlyassociatedwiththe
yellowcoloroftheenzyme.

9
Themolecularweightwascalculatedfromsedimentationand

diffusion,assumingapartialspecificvolumeof0.73,tobeapproxiInately260,000.Based
onspectroscopicdata,whichunfortunatelywerenotreported,theminimummolecularweight
perflavinwasestimatedtobe-.,126,000.Thesevalueswouldindicatetheenzymetobe
adimer,aconclusionatvariancewithalliaterstudies,andconcludedtobeinerror,because
ofanunreliableproteindetermination.

10
Inhis1957paper,Suttonalsodemonstratedthe

formationofpyruvatewithsubstratequantitiesofenzymeandlactateunderanaerobiccon­
ditions,using2,4-dinitrophenylhydrazineasketo-acidtrap,andconcluded,inagreement
withEdson'soriginalsuggestion,thatpyruvatewasacatalyticintermediate.

WhenthecrystallineenzymefromM.phleiwasincubatedwithL-Iactateinanatmosphere
of

18
02andH2

16
0,theacetateproductisolatedwasfoundtohaveincorporatedapproximately

oneatomof
18

0.
11

Thuslactateoxidaseisformallyaflavoproteinmonooxygenase:

CH3CHOHCOOH+
18

02~CH3C0
18

0H+CO2+H2
18

0

Accordingly,itisalsofrequentlycalledL-Iactate2-monooxygenase,asrecommended
bytheEnzymeNomenclatureCommission(EC1.13.12.4).

AtthesametimethatSuttonwasworkingontheenzymefromM.phlei,Cousinswas
workingontheenzymefromM.phlei,M.stercoris,andM.smegmatis.Hechosethelatter
organismforlarge-scalepreparationbecauseofitshighercontentoftheenzyme.5Cousins
achievedconsiderablepurificationandshowedbyelectrophoreticseparationthatthemajor
componentinhispreparation(approximately50%ofthetotalprotein)wasassociatedwith Volume II 245

Edson initially suggested that the catalytic reaction was completed by the known free
chemical reaction of oxidative decarboxylation occurring nonenzymically; it was later shown
by Lockridge et al. 6 that the latter reaction is indeed a crucial step in catalysis, but occurs
while the two reactants, pyruvate and H20 2, are still enzyme bound.

Several years after Edson's studies, Yamamura et al. 3 partially purified two L-lactate
oxidizing enzymes from Mycobacterium tuberculosis avium, one similar in catalytic prop­
erties to the Edson enzyme, the other oxidizing L-lactate to pyruvate with methylene blue
as acceptor, aerobically or anaerobically. The oxidative decarboxylase activity correlated
with the FAD content, so it was concluded, in agreement with Edson, that the enzyme was
a FAD-containing flavoprotein. Uncertainty was soon injected, however, by a communi­
cation in Nature,? where it was stated that "our assumption identifying the lactic enzyme
with a flavoprotein has proved to be false." While no details were given, this conclusion
was reinforced by the first of aseries of papers by Sutton4on the purification and properties
of the enzymes from M. phlei. Although the enzyme purification was modest (-10 X), no
FAD could be detected, and Sutton concluded that the absorption spectrum also excluded
••other riboflavin-containing nucleotides. " He also concluded that since neither arsenite nor
keto acid fixatives such as hydroxylamine or hydrazine influenced the reaction , pyruvate
could not be an intermediate. Similarly, since catalase was without effect, he argued that
H20 2could not be involved. However, as pointed out by Edson and Cousins,? the possibility
existed that "pyruvate and hydrogen peroxide (may) react spontaneously on the enzyme
surface where they originate" and so could escape detection as free compounds. As will be
discussed in more detaillater, this prediction proved to be valid.

Further electrophoretic purification of the enzyme8 resulted in the separation of an
inactive brown fraction, with the result that the •'preparation was bright yellow and gave a
typical flavoprotein absorption spectrum." Unfortunately, no spectrum was reported, nor any
details given which would permit assessment of the purity. Analysis of the flavin released
by acetone-HCl treatment or by acid-(NH4)2S04 showed a single flavin with properties closely
similar to those of FMN. Finally, the enzyme was obtained in pure crystalline form, sedi­
menting in the ultracentrifuge with a single Schlieren pattern clearly associated with the
yellow color of the enzyme. 9 The molecular weight was calculated from sedimentation and
diffusion, assuming a partial specific volume of 0.73, to be approximately 260,000. Based
on spectroscopic data, which unfortunately were not reported, the minimum molecular weight
per flavin was estimated to be - 126,000. These values would indicate the enzyme to be
a dimer, a conclusion at variance with alliater studies, and concluded to be in error, because
of an unreliable protein determination. 1O In his 1957 paper, Sutton also demonstrated the
formation of pyruvate with substrate quantities of enzyme and lactate under anaerobic con­
ditions, using 2,4-dinitrophenylhydrazine as keto-acid trap, and concluded, in agreement
with Edson's original suggestion, that pyruvate was a catalytic intermediate.

When the crystalline enzyme from M. phlei was incubated with L-lactate in an atmosphere
of 180 2and H2160, the acetate product isolated was found to have incorporated approximately
one atom of 180. 11 Thus lactate oxidase is formally a flavoprotein monooxygenase:

Accordingly, it is also frequently called L-lactate 2-monooxygenase, as recommended
by the Enzyme Nomenclature Commission (EC 1.13.12.4).

At the same time that Sutton was working on the enzyme from M. phlei, Cousins was
working on the enzyme from M. phlei, M. stercoris, and M. smegmatis. He chose the latter
organism for large-scale preparation because of its higher content of the enzyme. 5 Cousins
achieved considerable purification and showed by electrophoretic separation that the major
component in his preparation (approximately 50% of the total protein) was associated with
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activityandyellowcolor.Thepublishedabsorptionspectrumhassomeofthecharacteristics
ofaflavoprotein,butwasclearlyobscuredbythepresenceofanimpuritywithabsorbance
maximUlTInear400nm.Cousinsfailedtofindacorrelationbetweencatalyticactivityand
FADcontent,andunfortunatelydidnotassayforFMN;henceinthisworkthenatureof
theprostheticgroupwasleftunclear.

In1968,improvedpurificationproceduresresultingincrystallinepreparationsfromboth
M.phlei

10
andM.smegmatis

12
werereported,asweIlasmorerefinedanalysesofthephysical

properties.Inbothcases,itwasconcludedthattheprostheticgroupisFMN,thatthe
molecularweightislarge(340,000to400,000fortheM.phleienzymeand300,000to
400,000fortheM.smegmatisenzyme).Theminimummolecularweightperflavinwas
estimatedas53,300to56,200fortheM.phleienzymeand48,000to51,000fortheM.
smegmatisenzyme,indicatingahexameric-octamericsubunitstructure.Furtheranalysisof
theM.phleienzymeledtotheconclusionthatithadamolecularweightofapproximately
350,000andwascomposedofsixsubunitsofmolecularweight56,000.

13
,14Thiswasbased

ontheestimationofflavincontentfromtheabsorptionspectrumoftheisolatedenzymein
0.1Mphosphate,pH7.0,andbythefindingofoneN-terminalserineresidueandoneC­
terminalarginineresidueper56,000molwt.Ontheotherhand,theM.smegmatisenzyme,
oncarefulanalysis,wasshowntobeanoctamerofsubunitmolecularweight43,500.

15
The

molecularweightwasdeterminedbysedimentationanalysistobeintherange345,000to
350,000,andthesubunitmolecularweightwasbasedontheFMNcontentandquantitative
aminoacidanalysis.Theoctamericstructurehasrecentlybeenconfirmedbydetermination
oftheaminoacidsequenceof393residues,yieldingamolecularweightof42,616forthe
apoprotein,or43,072fortheholoenzyme.t

6
Thiscorrespondstoexactly8.0subunitsper

molecularweightof345,000.ItseemslikelythattheM.phleienzymeshouldhavethesame
structure,sincetheM.smegmatisenzymehasbeenshowntohavethesameN-terminal
serineresidueandthesameC-terminalarginine.AspointedoutbyLockridgeeta1.

6
and

Sullivanetal.,15theextinctioncoefficientoftheenzyme-boundflavinisverydependenton
thenatureofthebuffer,andsmallerrorsinestimationofflavincontentandproteincon­
centrationcouldaccountforthedifferencesininterpretationofstructure.Inthisrespectit
isinterestingtonotethattherelatedenzyme,spinachglycollateoxidase,hasrecentlybeen
shownbyX-raycrystallographicanalysistohaveanoctamericstructure.

17
Similarly,gly­

collateoxidasefrompumpkincotyledonswasalsoshowntobeanoctamerbyFMNcontent
andmolecularweightdeterminations.18

11.SPECTROSCOPICPROPERTIESOFTHEOXIDIZEDAND
REDUCEDENZYME

TheabsorptionspectrulTIofthecrystallineenzymeisolatedfromM.smegmatisisquite
dependentonthepresenceorabsenceoflowmolecularweightligands.Mostinorganic
anionsbindtolactateoxidaseascompetitiveinhibitors,withKdvaluesintherange0.4to
50mM.

6
•
12

,15TheeffectofphosphateontheflavinabsorptionspectrumisshowninFigure
1.Ingeneral,suchperturbationofflavoproteinspectraiscommononbindingofcompetitive
inhibitorsandisusefulfordeterminationofdissociationconstantsofenzyme-ligandcom­
plexes,asillustratedintheinsetofFigure1.Thus,boththeabsorptionmaximaandextinction
coefficientsoftheenzyme-boundflavindependstronglyonthemedium.In1°mMimidazole
chloride,pH7.0,25°C,theenzymehas~maxat278,373,and458nmwithextinction
coefficients(e)of113,8.94,and11.06mM-

1
cm-

1
,respectively.Theoxidizedenzymeis

unusualamongflavoproteinsinhavingitsflavinfluorescencealmostcompletelyquenched;
thismaybeduetotwoconservedtyrosineresiduesclosetotheenzymeflavin(seelater
sectiononactivesitestructure).Onreductionwithsubstrate(afterdissociationofthein­
termediateE........FMNH2·ketoacidcomplex),thereisalmostcomplete10ssofA458;thereduced246 Chemistry and Biochemistry 01 Flavoenzymes

activity and yellow color. The published absorption spectrum has some of the characteristics
of a flavoprotein, but was clearly obscured by the presence of an impurity with absorbance
maximUlTI near 400 nm. Cousins failed to find a correlation between catalytic activity and
FAD content, and unfortunately did not assay for FMN; hence in this work the nature of
the prosthetic group was left unclear.

In 1968, improved purification procedures resulting in crystalline preparations from both
M. phlei10 and M. smegmatis l2 were reported, as weIl as more refined analyses of the physical
properties. In both cases, it was concluded that the prosthetic group is FMN, that the
molecular weight is large (340,000 to 400,000 for the M. phlei enzyme and 300,000 to
400,000 for the M. smegmatis enzyme). The minimum molecular weight per flavin was
estimated as 53,300 to 56,200 for the M. phlei enzyme and 48,000 to 51,000 for the M.
smegmatis enzyme, indicating a hexameric-octameric subunit structure. Further analysis of
the M. phlei enzyme led to the conclusion that it had a molecular weight of approximately
350,000 and was composed of six subunits of molecular weight 56,000. 13

,14 This was based
on the estimation of flavin content from the absorption spectrum of the isolated enzyme in
0.1 M phosphate, pH 7.0, and by the finding of one N-terminal serine residue and one C­
terminal arginine residue per 56,000 mol wt. On the other hand, the M. smegmatis enzyme,
on careful analysis, was shown to be an octamer of subunit molecular weight 43,500. 15 The
molecular weight was determined by sedimentation analysis to be in the range 345,000 to
350,000, and the subunit molecular weight was based on the FMN content and quantitative
amino acid analysis. The octameric structure has recently been confirmed by determination
of the amino acid sequence of 393 residues, yielding a molecular weight of 42,616 for the
apoprotein, or 43,072 for the holoenzyme.t6 This corresponds to exactly 8.0 subunits per
molecular weight of 345,000. It seems likely that the M. phlei enzyme should have the same
structure, since the M. smegmatis enzyme has been shown to have the same N-terminal
serine residue and the same C-terminal arginine. As pointed out by Lockridge et a1. 6 and
Sullivan et al., 15 the extinction coefficient of the enzyme-bound tlavin is very dependent on
the nature of the buffer, and small errors in estimation of flavin content and protein con­
centration could account for the differences in interpretation of structure. In this respect it
is interesting to note that the related enzyme, spinach glycollate oxidase, has recently been
shown by X-ray crystallographic analysis to have an octameric structure. 17 Similarly, gly­
collate oxidase from pumpkin cotyledons was also shown to be an octamer by FMN content
and molecular weight deternlinations. 18

11. SPECTROSCOPIC PROPERTIES OF TUE OXIDIZED AND
REDUCED ENZYME

The absorption spectrulTI of the crystalline enzyme isolated from M. smegmatis is quite
dependent on the presence or absence of low molecular weight ligands. Most inorganic
anions bind to lactate oxidase as competitive inhibitors, with Kd values in the range 0.4 to
50 mM. 6

,12,15 The effect of phosphate on the flavin absorption spectrum is shown in Figure
1. In geneial, such perturbation of flavoprotein spectra is common on binding of competitive
inhibitors and is useful for determination of dissociation constants of enzyme-ligand com­
plexes , as illustrated in the inset of Figure 1. Thus, both the absorption maxima and extinction
coefficients of the enzyme-bound flavin depend strongly on the medium. In 10 mM imidazole
chloride, pH 7.0, 25°C, the enzyme has ~max at 278, 373, and 458 nm with extinction
coefficients (e) of 113,8.94, and 11.06 mM- 1cm- 1

, respectively. The oxidized enzyme is
unusual among flavoproteins in having its flavin fluorescence almost completely quenched;
this may be due to two conserved tyrosine residues close to the enzyme flavin (see later
section on active site structure). On reduction with substrate (after dissociation of the in­
termediate E....... FMNH2·keto acid complex), there is almost complete 10ss of A458 ; the reduced
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FIGURE1.EffectofphosphateontheabsorptionsPectrumoflactateoxidase.Curve1showsthesPectrumof
theenzyme,4.10-

5
Min0.01Mimidazole,pH7.0at25°C.Curves2,3,and4areofthesamesampIeafter

additionof7,41,and197mMphosphate,respectively.Theinsetshowsthedependenceoftheabsorbanceat450
andat510nmonphosphateconcentration.(FromLockridge,0.,Massey,V.,andSullivan,P.A.,J.Biol.ehern.,
247,8097,1972.Withpennission.)

enzymeflavinhasaAmaxof360nm,E=4.8mM-
1

(seeFigure2).Curiously,thereduced
enzymeisquitefluorescent,withanemissionmaximumat507nmandexcitationspectrum
closelysimilartothatoftheabsorptionspectrum.19Thisfluorescenceisquenchedoncomplex
formationwithpyruvateandotherketoacids,apropertywhichprovedveryusefulin
elucidationofthemechanismofsubstratedehydrogenation(seelatersection).

111.TUEREACTIONWITUL-LACTATE:STEADY-STATEAND
STOPPED-FLOWKINETICS

Theoverallreactionmechanismoflactateoxidasewaselucidatedwiththeenzymefrom
M.smegmatis,employingacombinationofsteady-stateandstopped-flowkinetics.

6
The

readyinterpretationofresultswasmadepossiblebytherecognitionthatlactateoxidase
bindsmostcommonanions,includingphosphate,withKdvaluesintherange10to50mM,
andthattheseserveascompetitiveinhibitors.12Itwasfoundthatthecomplexstopped-flow
resultsreportedbyTakemorietal.

2o
,21wereduetotheirexperimentsbeingconductedin50

mMphosphate,pH7.0,conditionsunderwhichtheenzymeexistspredominantlyasthe
enzymephosphatecomplex,whichhastodissociateforreactionwit~substratetoproceed.

6

Accordingly,allsubsequentexperimentswerecarriedoutin10mMimidazole-HClbuffer
pH7.0,whereminimalinhibitionwasobserved.

ThereductionoftheenzymebyL-Iactateunderanaerobicconditionswasfoundto
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FIGlJRE 1. Effect of phosphate on the absorption spectrum of lactate oxidase. Curve 1 shows the spectrum of
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247, 8097, 1972. With permission.)

enzyme flavin has a Amax of 360 nm, E = 4.8 mM- 1 (see Figure 2). Curiously, the reduced
enzyme is quite fluorescent, with an emission maximum at 507 nm and excitation spectrum
closely similar to that of the absorption spectrum. 19 This fluorescence is quenched on complex
formation with pyruvate and other keto acids, a property which proved very useful in
elucidation of the mechanism of substrate dehydrogenation (see later section).

111. THE REACTION WITH L-LACTATE: STEADY-STATE AND
STOPPED-FLOW KINETICS

The overall reaction mechanism of lactate oxidase was elucidated with the enzyme from
M. smegmatis, employing a combination of steady-state and stopped-flow kinetics. 6 The
ready interpretation of results was made possible by the recognition that lactate oxidase
binds most common anions, including phosphate, with Kd values in the range 10 to 50 mM,
and that these serve as competitive inhibitors. 12 It was found that the complex stopped-flow
results reported by Takemori et al. 20,21 were due to their experiments being conducted in 50
mM phosphate, pH 7.0, conditions under which the enzyme exists predominantly as the
enzyme phosphate complex, which has to dissociate for reaction wit~ substrate to proceed. 6

Accordingly, all subsequent experiments were carried out in 10 mM imidazole-HCl buffer
pH 7.0, where minimal inhibition was observed.

The reduction of the enzyme by L-Iactate under anaerobic conditions was found to
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FIGURE2.SpectrophotometriccourseofthereactionoflactateoxidasewithL-Iactate.Curve1representsthe
absorptionspectrumofoxidizedenzyme8.6·10-5Munderanaerobicconditionsin0.01Mimidazolebuffer,pH
7.0.Curve2:samesampIe5minafteradditionof8.10-

4
ML-Iactate.Curves3,4,5,and6:aftertheadditionof

1-10-3M,2-10-3M,5.33-10-3M,and15.35.10-3Mpyruvate.Theinsetshowstheextrapolationoftheabsorbance
changesat540nmtooo[pyruvate],Curve7(----)showsthespectrumofthefullyformedcomplexcalculatedin
thisway.Thepointscoincidingwithcurve7showtheabsorbanceobtainedattheendoftherapidphaseof
reductionofenzymebyL-Iactate,determinedinseparatestopped-flowexperiments.(FromLockridge,0.,Massey,
V.,andSullivan,P.A.,J.Biol.ehern.,247,8097,1972.Withpermission.)

proceedviaanintermediatespecieswithlongwavelengthabsorbance,whosespectrumis
showninFigure2,curve7.Therateofformationofthisintermediatewasveryfastand
stronglydependentonL-Iactateconcentration.Therateofdisappearanceoftheintermediate
toyieldthespectrulTIofthefreereducedfIavoenzymewasindependentofsubstratecon­
centration,2.5min-Iat25°C.Atallconcentrationsofsubstrateemployed,therateof
formationoftheintermediatewasordersofmagnitudefasterthanthedecay,allowinga
cleanseparationofthekinetics.Therateofformationoftheintermediatewasclearly
saturatingathighconcentrationsofsubstrate,adoublereciprocalplotofl/kobsvs.1/[L-

lactate]waslinearwithalimitingvelocityatinfinitelactateconcentrationof14,000min-1,

consistentwiththeformationofaMichaeliscomplexpriortoformationoftheintermediate:

klkz
E--FMN+L-Lactate~E--FMN-Lactate~Intermediate

k_1

TheKd(k_/k1)fortheenzyme-lactatecomplexcanbeobtainedfromtheslope/intercept
ofthedoublereciprocalplotandis5-10-zM,indicatingratherweakbindingofsubstrateto248 Chemistry and Biochemistry 01 Flavoenzymes
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FIGURE 2. Spectrophotometric course of the reaction of lactate oxidase with L-Iactate. Curve 1 represents the
absorption spectrum of oxidized enzyme 8.6·10 - 5 M under anaerobic conditions in 0.01 M imidazole buffer, pH
7.0. Curve 2: same sampie 5 min after addition of 8.10- 4 M L-Iactate. Curves 3, 4, 5, and 6: after the addition of
1.10- 3 M, 2.10- 3 M, 5.33.10- 3 M, and 15.35.10- 3 M pyruvate. The inset shows the extrapolation ofthe absorbance
changes at 540 nm to oo[pyruvate], Curve 7 (----) shows the spectrum of the fully formed complex calculated in
this way. The points coinciding with curve 7 show the absorbance obtained at the end of the rapid phase of
reduction of enzyme by L-Iactate, determined in separate stopped-flow experiments. (From Lockridge, 0., Massey,
V., and Sullivan, P. A., J. Riol. ehern., 247,8097, 1972. With permission.)

proceed via an intermediate species with long wavelength absorbance, whose spectrum is
shown in Figure 2, curve 7. The rate of formation of this intermediate was very fast and
strongly dependent on L-Iactate concentration. The rate of disappearance of the intermediate
to yield the spectrulTI of the free reduced fIavoenzyme was independent of substrate con­
centration, 2.5 min -I at 25°C. At all concentrations of substrate employed, the rate of
formation of the intermediate was orders of magnitude faster than the decay, allowing a
clean separation of the kinetics. The rate of formation of the intermediate was clearly
saturating at high concentrations of substrate, a double reciprocal plot of l/

kobs
vs. 1/[L-

lactate] was linear with a limiting velocity at infinite lactate concentration of 14,000 min -1,

consistent with the formation of a Michaelis complex plior to formation of the intermediate:

k l k2

E--FMN + L-Lactate ~ E--FMN-Lactate ~ Intermediate
k_

1

The Kd (k_ /k1) for the enzyme-lactate complex can be obtained from the slope/intercept
of the double reciprocal plot and is 5-10 - 2 M, indicating rather weak binding of substrate to
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6
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4

M.Theabsorbancechangesat460
nmwerefollowedwithtime.(FromLockridge,0.,Massey,V.,andSullivan,P.A.,J.Biol.ehern.,247,8097,
1972.Withpermission.)

theenzyme,followedbyrapidconversion(k2=14,000min-
I
)totheintermediate.The

latterwasshowntobeacomplexofreducedenzymeandpyruvate,sincethespectrumof
theintermediatecouldbedevelopedbyequilibriumtitrationofreducedenzymewithpy­
ruvate,asshowninFigure2,toyieldaKdforthecomplexof2.5.10-

3
M.Essentiallythe

samevaluewasobtainedbymeasuringthekineticsofformationofthecomplexfromreduced
enzymeatdifferentpyruvateconcentrations.Hencetheoverallanaerobicreductionofthe
enzymebylactatecouldbedefined:

klk2

E---FMN+Lactate~E---FMN·Lactate~E---FMNH2·Pyruvate
k_1k-2
k3

~E---FMNH2+Pyruvate
k_3

withthevalueofk3as2.5min-Iandk_3as103M-1min-l•

Thestopped-flowtechniquewasalsousedtomeasuresteady-statetumover,usingthe
enzymeabsorbanceitselftofollowthecourseofcatalysis.Typicaltumovertracesareshown
inFigure3,andFigure4showstheresultsofanalysisofthesetracesasdescribedbyGibson
etale22togenerateasetofparallelLineweaver-Burkplots,whichdefineVmaxas6250min-I,

Km(1actate)as2.2.10-
2

M,andKm(02)as7.1.10-
5

M.Thecatalytictumovernumberis
~learlyverymuchlargerthantherateofdissociation(k3)oftheE---FMNH2-pyruvatecom- Valume 11 249
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FIGURE 3. Stopped-flow tumover studies with lactate oxidase reacting with L-lactate and oxygen. The enzyme
in 0.01 M imidazole, pH 7.0, and at 25°C was at a final concentration of 6.35'10- 6 M and was reacted with the
concentrations of lactate shown at an initial oxygen concentration of 2.6'10- 4 M. The absorbance changes at 460
nm were followed with time. (From Lockridge, 0., Massey, V., and Sullivan, P. A., J. Biol. ehern., 247,8097,
1972. With permission.)

the enzyme, followed by rapid conversion (k2 = 14,000 min- I
) to the intermediate. The

latter was shown to be a complex of reduced enzyme and pyruvate, since the spectrum of
the intermediate could be developed by equilibrium titration of reduced enzyme with py­
ruvate, as shown in Figure 2, to yield a Kd for the complex of 2.5.10- 3M. Essentially the
same value was obtained by measuring the kinetics of formation of the complex from reduced
enzyme at different pyruvate concentrations. Hence the overall anaerobic reduction of the
enzyme by lactate could be defined:

E---FMN + Lactate ~ E---FMN·Lactate ~ E---FMNH2·Pyruvate
k_1 k-2

k3

~ E---FMNH2 + Pyruvate
k_ 3

with the value of k3 as 2.5 min- I and k-3 as 103 M-1min- l
.

The stopped-flow technique was also used to measure steady-state tumover, using the
enzyme absorbance itself to follow the course of catalysis. Typical tumover traces are shown
in Figure 3, and Figure 4 shows the results of analysis of these traces as described by Gibson
et ale 22 to generate a set of parallel Lineweaver-Burk plots, which define Vmax as 6250 min -I,

Km (1actate) as 2.2.10- 2 M, and Km (02) as 7.1.10- 5 M. The catalytic tumover number is
clearly very much larger than the rate of dissociation (k3) of the E---FMNH2-pyruvate com-
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plex;hencefreeE----FMNHzcouldberuledoutasacatalyticallyviablespecies.Ontheother
hand,therateofformationoftheE----FMNHz-pyruvatecomplex(kz=14,000min-1)clearly
placeditasalikelycatalyticintermediate.ThetumovertracesofFigure3revealthatduring
thesteadystateoftumover,theenzymeismaintainedlargelyintheoxidizedstate,implying
thatthereducedenzymespecieswhichreactswith0zmustbereoxidizedevenfasterthan
theoxidizedenzymeisreducedbyL-Iactate.

Furtherstopped-flowexperimentswithreducedenzyme,eitherfreeorincomplexwith
pyruvate,showedthatbothspeciesreactedwith0zinasecond-orderfashion,butatvery
differentrates:5.4-105M-1min-1forE----FMNHzand1.1-108M-1min-1forE----FMNHz­
pyruvate.ParallelLineweaver-BurkplotssuchasthoseofFigure4arediagnosticofbinary
complex(pingpong)mechanismsoroftemarycomplexmechanismswithcertainrate 250 Chemistry and Biochemistry 0/ Flavoenzymes
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FIGURE 4. Secondary plot of the data obtained from Figure 3 plotted according to Lineweaver-Burk. (From
Lockridge, 0., Massey, V., and Sullivan, P. A., J. Biol. ehern., 247,8097, 1972. With permission.)

plex; hence free E----FMNH2 could be ruled out as a catalytically viable species. On the other
hand, the rate of formation of the E----FMNH2-pyruvate complex (k2 = 14,000 min - 1) clearly
placed it as a likely catalytic intermediate. The tumover traces of Figure 3 reveal that during
the steady state of tumover, the enzyme is maintained largely in the oxidized state, implying
that the reduced enzyme species which reacts with O2 must be reoxidized even faster than
the oxidized enzyme is reduced by L-Iactate.

Further stopped-flow experiments with reduced enzyme, either free or in complex with
pyruvate, showed that both species reacted with O2 in a second-order fashion, but at very
different rates: 5.4-105 M-1min- 1 for E----FMNH2 and 1.1-108 M-1min- 1 for E----FMNH2­

pyruvate. Parallel Lineweaver-Burk plots such as those of Figure 4 are diagnostic of binary
complex (ping pong) mechanisms or of temary complex mechanisms with certain rate
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constantssufficientlysmallthattheusualpatternofconvergingLineweaver-Burkplots
disappears.

Forabinarycomplexmechanismtooperate,02wouldhavetobereactingincatalysis
withfreeE---FMNH2,butasalreadydiscussed,thiscanberuledoutsincetheformationof
freeE---FMNH2istooslowtobeofcatalyticimportance.Thusitisapparentthat02reacts
catalyticallywiththeE---FMNH2-pyruvatecomplex,i.e.,thatatemarycomplexmechanism
isoperational.Inthisreactionthespectrumofoxidizedenzymeisregeneratedinamono­
phasicfashion,i.e.,thereisnoevidenceforaflavinC(4a)-hydroperoxideintermediateas
foundwithtrueflavoproteinmonooxygenases(seeReferences23and24forreviews).The
logicalchemicalreactiontooccurinthisstepisthustheconversionoftheE---FMNH2­

pyruvatecomplextoanE---FMN-pyruvate-H202complex.Ifthereleaseofproductsisslow,
thentheoxidativedecarboxylationreactionbetweenpyruvateandH202,whichoccursslowly
infreesolution,canbeenvisagedasoccurringrapidlyinthecomplexofoxidizedenzyme
andprimaryproducts.Inthiswaytheobservationsofearlierworkersthatneithercatalase
norcarbonyltrappingreagentsaffectedcatalysiswasalsoexplained.Furtherevidencefor
thismechanismwasprovidedbythefindingthatwhenreducedenzymeequilibratedwith
CH3

14COCOOHwasreactedwith02'quantitiesof14C-Iabeledacetatestoichiometricwith
theenzymewereformed.

6

Theconclusionsconcerningthecatalyticcyclewhichcouldbederivedfromthiswork
aresummarizedinScheme1.Theinnercycle,composedofreactions1,2,4,5,constitute
normalcatalysis,whiletheoutercycleofreactions1,2,3,6wouldconstituteaconventional
oxidase-typereaction,withfreeketoacidandH202asproducts.Thiswouldrepresentan
"uncoupling"ofthenormaloxidativedecarboxylationsequenceandhasbeenfoundex­
perimentallytooccurtoalimitedextentwithglycollateassubstrate(seeSectionXII.C).
Innormalcatalysis,afurtherrate-limitingstep,k5,isrequiredforafitofthesteady-state
andstopped-flowkineticdata.Intheoriginalpaper,

6
thiswasproposedtobeliberationof

products;theactualchemicalrate-limitingstepcouldbetheoxidativedecarboxylationof
pyruvatebyH202attheactivesitefollowedbyrapiddissociationofproducts.Theinitial
rateequationforthecatalyticcycleofScheme1is

v

Vrnax

Vrnax

KlactateK02K
++-+---- [lactate][02][lactate]-[02]

k2-k5

k2+k5

k5(k_1+k2)

Klactate=k1(k2+ks
)

k5(k2+k_2)

K02=kik2+ks)

K=k_1-k2-k5

k1-k4-(k2+k5)

RateconstantsforreactionoftheenzymewithL-IactateandanumberofotherL-(l­
hydroxyacidsubstrateswhichshowthesametypeofkineticbehavior(derivedfromsimilar
stopped-flowdata)arelistedinTable1.FromtheobservedvaluesofVrnaxandk2,thevalue
ofk5canbecalculated.Thevalueofk4hasbeendetermineddirectlyinthecaseofL-Iactate
andL-a-hydroxy-ß-methylvalerateassubstrates,allowingacomparisonofK02calculated
fromthekineticconstantsabovewiththeexperimentallyobservedvalues.Theagreement
isimpressive:K02=5.5-10-5M(calculated)versus7.1-10-5M(observed)withlactateas
substrateand8.1-10-

5
M(calculated)versus8.0-10-

5
M(observed)withL-a-hydroxy-ß­

methylvalerateassubstrate.Thesecalculationsassumedthatk_2isnegligible,anassumption
justifiedbytheanaerobictitrationdataofFigure2,whereadditionoflargeconcentrations
ofpyruvatefailedtoresultinanydetectableaccumulationofoxidizedenzymespecies.This
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constants sufficiently small that the usual pattern of converging Lineweaver-Burk plots
disappears.

For a binary complex mechanism to operate, O2 would have to be reacting in catalysis
with free E---FMNH2 , but as already discussed, this can be ruled out since the formation of
free E---FMNH2 is too slow to be of catalytic importance. Thus it is apparent that O2 reacts
catalytically with the E---FMNH2-pyruvate complex, i.e., that a temary complex mechanism
is operational. In this reaction the spectrum of oxidized enzyme is regenerated in a mono­
phasic fashion, i.e., there is no evidence for a flavin C(4a)-hydroperoxide intermediate as
found with true flavoprotein monooxygenases (see References 23 and 24 for reviews). The
logical chemical reaction to occur in this step is thus the conversion of the E---FMNH2­

pyruvate complex to an E---FMN-pyruvate-H20 2 complex. If the release of products is slow,
then the oxidative decarboxylation reaction between pyruvate and H20 2 , which occurs slowly
in free solution, can be envisaged as occurring rapidly in the complex of oxidized enzyme
and primary products. In this way the observations of earlier workers that neither catalase
nor carbonyl trapping reagents affected catalysis was also explained. Further evidence for
this mechanism was provided by the finding that when reduced enzyme equilibrated with
CH3

14COCOOH was reacted with 02' quantities of 14C-Iabeled acetate stoichiometric with
the enzyme were formed. 6

The conclusions concerning the catalytic cycle which could be derived from this work
are summarized in Scheme 1. The inner cycle, composed of reactions 1,2,4,5, constitute
normal catalysis, while the outer cycle of reactions 1,2,3,6 would constitute a conventional
oxidase-type reaction, with free keto acid and H20 2 as products. This would represent an
"uncoupling" of the normal oxidative decarboxylation sequence and has been found ex­
perimentally to occur to a limited extent with glycollate as substrate (see Section XII.C).
In normal catalysis, a further rate-limiting step, k5 , is required for a fit of the steady-state
and stopped-flow kinetic data. In the original paper,6 this was proposed to be liberation of
products; the actual chemical rate-limiting step could be the oxidative decarboxylation of
pyruvate by H20 2 at the active site followed by rapid dissociation of products. The initial
rate equation for the catalytic cycle of Scheme 1 is

K

[lactate]-[°2 ]

Vrnax

+ Klactate K 02--- + -- + -----
[lactate] [02]

v

Vrnax

Rate constants for reaction of the enzyme with L-Iactate and a number of other L-a­
hydroxy acid substrates which show the same type of kinetic behavior (derived from similar
stopped-flow data) are listed in Table 1. From the observed values of Vrnax and k2 , the value
of k5 can be calculated. The value of k4 has been determined directly in the case of L-Iactate
and L-a-hydroxy-ß-methyl valerate as substrates, allowing a comparison of K02 calculated
from the kinetic constants above with the experimentally observed values. The agreement
is impressive: K02 == 5.5-10- 5 M (calculated) versus 7.1-10 - 5 M (observed) with lactate as
substrate and 8.1-10- 5 M (calculated) versus 8.0-10- 5 M (observed) with L-a-hydroxy-ß­
methyl valerate as substrate. These calculations assumed that k _2 is negligible, an assumption
justified by the anaerobic titration data of Figure 2, where addition of large concentrations
of pyruvate failed to result in any detectable accumulation of oxidized enzyme species. This
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SCHEME1.Kineticsequencedepictingthestepsinvolvedintumoveroflactate.Theinnerlooprepresentsnormal
catalysis,whiletheouterloopshowsthestepsinvolvedinthesocalleduncoupling.(AdaptedfromLockridge,
0.,Massey,V.,andSullivan,P.A.,J.Biol.ehern.,247,8097,1972.Withpermission.)

TADLE1
KineticConstantsofLactateOxidasewithVariousSubstrates

ThevalueswereobtainedasdescribedinReference6,chieflyfromstopped-flowstudies.Allvalueswere
obtainedin0.01Mimidazole,pH7.0,25°C

ConstantL-Iactate
L-a-OH-(l-Me-

(l-Phenyl-L-IactateL-a-OH-iso-valeratevalerate

k5

Kd=k_/kl

k2

k3

k-3
k4

5.10-2M
14,000min-

I

2.5min-I

1.103M-1min-I

1.1.108M-1min-1(ob­

served)
11,300min-1

Vmax,catalytic6,250min-
I

KRcHoH_cooH2.23·10-2M
Küz7.1.10-5M

~(freeenzyme)=5.4.10
5

M-
1

min-
I

0.34M
6,700min-I

.......2min-I

5.7.106M-1min-I

(calculated)
1,060min-I

910min-I

5.10-2M
1.6.10-4M

9.10-2M
3,700min-I

.......0.2min-I

3.3.106M-1min-I

(calculated)
1,370min-1

1,000min-1

2.5.10-2M
3.10-4M

3.10-2M
590min-I

2.7.106M-1min-I

(observed)
350min-I

220min-I

1.13.10-2M
8.10-5M

samefactorwouldalsoaccountsatisfactorilyfortheobservationwithallthesubstratesof
Table1ofparallelLineweaver-Burkplots,sincethenthelastterminthedenominatorof
theinitialrateequation,K,wouldbecomenegligible.

FromthedataofTable1,itisevidentthattheactivesiteisabletoaccommodatea­
hydroxyacidsmuchlargerthanlactate,althoughinallcases,includingL-Iactate,binding
isweak.Interestingly,theD-isomersofthesesubstratesareallcompetitiveinhibitorsand
bindmoretightlythantheL-isomers.Forexample,undertheconditionsofTable1,stopped­
flowspectroscopicstudiesoftheperturbationofthevisibleabsorbancespectrumshowthat
D-IactatebindstotheenzymewithaKdof---1.7.10-3M,withkon=4.5.103M-1S-1and
koff=7.5S-1.103WiththesubstratesofTable1,itshouldalsobenotedthattheketoacid
productsalsodissociateslowlyfromthereducedenzyme,a-ketoisovaleratedissociating
---10timesmoreslowlythanpyruvateanda-keto-ß-methylvaleratedissociatingsoslowly
thatitwasnotpossibletodetermineaccuratelyitsrateconstant.Withallthesereduced
enzymeketoacidcomplexes,thereactionwithO2isappreciablyslowerthanwithE---FMNH2­

pyruvate,presumablyreflectingmorelimitedaccessofO2tothereducedflavinwhenthe
bulkyproductsarebound.
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SCHEME 1. Kinetic sequence depicting the steps involved in tumover of lactate. The inner loop represents normal
catalysis, while the outer loop shows the steps involved in the so called uncoupling. (Adapted from Lockridge,
0., Massey, V., and Sullivan, P. A., J. Biol. ehern., 247,8097, 1972. With permission.)

TADLE 1
Kinetic Constants of Lactate Oxidase with Various Substrates

The values were obtained as described in Reference 6, chiefly from stopped-flow studies. All values were
obtained in 0.01 M imidazole, pH 7.0, 25°C

Constant L-Iactate
L-a-OH-(l-Me-

(l-Phenyl-L-Iactate L-a-OH-iso-valerate valerate

K d = k_/k1

k2

k3

k-3
k4

5,10- 2M

14,000 min- 1

2.5 min- 1

1,103 M- 1 min- 1

1. 1,108 M - 1 min - 1 (ob-

served)
11 ,300 min - 1

Vmax,catalytic6,250 nlin- 1

KRcHoH_cooH2.23·10-2 M
Küz 7.1,10- 5 M

~ (free enzyme) = 5.4,105 M- 1 min- 1

0.34M
6,700 min- 1

....... 2 min- 1

5.7,106 M- 1 min- 1

(calculated)
1,060 min- 1

910 min- 1

5,10- 2M
1.6,10-4 M

9,10- 2M
3,700 min- 1

.......0.2 min- 1

3.3,106 M- 1 min- 1

(calculated)
1,370 min- 1

1,000 min- 1

2.5,10- 2M
3,10-4 M

3'10-2M
590 min- 1

2.7,106 M-l min- 1

(observed)
350 min- 1

220 min- 1

1.13,10-2 M
8,10- 5 M

same factor would also account satisfactorily for the observation with all the substrates of
Table 1 of parallel Lineweaver-Burk plots, since then the last term in the denominator of
the initial rate equation, K, would become negligible.

From the data of Table 1, it is evident that the active site is able to accommodate a­
hydroxy acids much larger than lactate, although in all cases, including L-Iactate, binding
is weak. Interestingly, the D-isomers of these substrates are all competitive inhibitors and
bind more tightly than the L-isomers. For example, under the conditions of Table 1, stopped­
flow spectroscopic studies of the perturbation of the visible absorbance spectrum show that
D-Iactate binds to the enzyme with a Kd of ---1.7.10- 3 M, with kon = 4.5.103 M- 1s- 1 and
kOff = 7.5 S -1.103 With the substrates of Table 1, it should also be noted that the keto acid
products also dissociate slowly from the reduced enzyme, a-keto isovalerate dissociating
---10 times more slowly than pyruvate and a-keto-ß-methyl valerate dissociating so slowly
that it was not possible to determine accurately its rate constant. With all these reduced
enzyme keto acid complexes, the reaction with O2 is appreciably slower than with E---FMNH2­

pyruvate, presumably reflecting more limited access of O2 to the reduced flavin when the
bulky products are bound.
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FIGURE5.EffectofpyruvateontheabsorptionspectrumofthesemiquinoneofFMN-lactateoxidase.Curve1
isthatoftheoxidizedenzyme,8.3.10-5Min1.3.10-

2
MiInidazole,pH7,25°C,underanaerobicconditions.

Curve2:enzymesemiquinoneobtainedbyphotoirradiationwithcatalyticamountsofdeazaflavin.Curve3:after
theadditionof1.3.10-

2
Mpyruvate.

IV.REDOXPROPERTIESOFLACTATEOXIDASE

Incommonwithmostflavoproteinoxidases,lactateoxidasehasbeenfoundonenforced
one-electronreduction,e.g.,byphotochemicalreduction,25,26tostabilizethered-colored
flavinanionradicaloverthewholepRrangeofstabilityoftheenzyme.Aswillbediscussed
inalatersection,thisobservationprovidedoneofthefirstpiecesofevidenceforthepresence
ofapositivelychargedresidueoftheproteinpositionedclosetotheflavinN(I)-position.
Despiteitsthermodynamicstabilizationbytheprotein,theanionradicalisfoundtoreact
reasonablyrapidlywith02'withasecond-orderrateconstantof4-105M-Imin-IatpR7.0,
25°C,27onlyslightlysmallerthanthatforE---FMNR2underthesameconditions,5.4-105

M-Imin-I.6Remarkably,theenzymeradicalformbindspyruvateandmanyotherketo
acidsmuchmoretightlythaneithertheoxidizedorfullyreducedenzyme.Forexample,at
pR7.0,25°C,pyruvatebindstoE---FMNR2withaKdof2.5-10-

3
M,6toE---FMNwitha

Kdof3.3-10-
3

M,t°4andtoE---FMN·-withaKdof1.36-10-5M.Itshouldbenotedthat
asimilartightbindingofpyruvatetotheanionsemiquinoneformofyeastflavocytochrome
hasbeenreported.28Thecomplexbetweenketoacidandtheradicalformoftheenzymeis
characterizedbyappreciablechangesinabsorbancespectrum(seeFigure5)whichpermit
thedeterminationofkonandkOffintheequilibrium:

kon
E---FMN·-+Pyruvate~E---FMN·-Pyruvate

kOff

Fromstopped-flowexperiments,thevalueofkonwasdeterminedas1.9-10
3

M-1min-
l

,

whilekoffwasremarkablyslow,0.021min-I.ThusKddeterminedkineticallyfromtheratio
kof/konwas1.17-10-5M,ingoodagreementwiththevalueof1.36-10-5Mdeterminedfrom
statictitrationdata.27Itshouldbenotedthatthisvalueofkonissimilartothatfoundfor
bindingofpyruvatetoE---FMNR2;theremarkabledifferenceiswithkoff,whichistwo Volume 11 253
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FIGURE 5. Effect of pyruvate on the absorption spectrum of the semiquinone of FMN-lactate oxidase. Curve 1
is that of the oxidized enzyme, 8.3.10- 5 M in 1.3.10- 2 M iInidazole, pH 7, 25°C, under anaerobic conditions.
Curve 2: enzyme semiquinone obtained by photoirradiation with catalytic amounts of deazaflavin. Curve 3: after
the addition of 1.3.10- 2 M pyruvate.

IV. REDOX PROPERTIES OF LACTATE OXIDASE

In common with most flavoprotein oxidases, lactate oxidase has been found on enforced
one-electron reduction, e.g., by photochemical reduction,25,26 to stabilize the red-colored
flavin anion radical over the whole pR range of stability of the enzyme. As will be discussed
in a later section, this observation provided one of the first pieces of evidence for the presence
of a positively charged residue of the protein positioned close to the flavin N(I)-position.
Despite its thermodynamic stabilization by the protein , the anion radical is found to react
reasonably rapidly with 02' with a second-order rate constant of 4-105M- Imin - 1 at pR 7.0,
25°C,27 only slightly smaller than that for E---FMNR2 under the same conditions, 5.4-105

M - Imin - 1 .6 Remarkably, the enzyme radical form binds pyruvate and many other keto
acids much more tightly than either the oxidized or fully reduced enzyme. For example, at
pR 7.0, 25°C, pyruvate binds to E---FMNR2 with a Kd of 2.5-10- 3 M,6 to E---FMN with a
K d of 3.3-10- 3 M,t°4 and to E---FMN·- with a K d of 1.36-10-5 M. It should be noted that
a similar tight binding of pyruvate to the anion semiquinone form of yeast flavocytochrome
has been reported. 28 The complex between keto acid and the radical form of the enzyme is
characterized by appreciable changes in absorbance spectrum (see Figure 5) which permit
the determination of kon and kOff in the equilibrium:

kon
E---FMN·- + Pyruvate ~ E---FMN·- Pyruvate

kOff

From stopped-flow experiments, the value ofkon was determined as 1.9-103 M-Imin- I,
while koff was remarkably slow, 0.021 min -1. Thus Kd determined kinetically from the ratio
kon/kon was 1. 17-10 - 5M, in good agreement with the value of 1.36-10- 5M detennined from
static titration data. 27 It should be noted that this value of kon is similar to that found for
binding of pyruvate to E---FMNR2; the remarkable difference is with koff, which is two
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ordersofmagnitudeslowerthanthatfortheE---FMNH2-pyruvatecomplex.Thepossible
reasonforthiseffectwillbeconsideredinalatersection,takingintoaccountrecentinfor­
mationaboutthestructureoftheactivesite.

Themostremarkablefeatureoftheenzymeradical-ketoacidcomplexisthattheability
tobereoxidizedrapidlybyO2isalmostcompletelylost.Theenzymeradical-ketoacid
complexcanbeformedanaerobicallyat4°Cbymixingthe02-sensitiveradicalwithan
excessofketoacid,thenopenedtoair,andexcessketoacidremovedbygelfiltrationwith
SephadexG-25at4°C,toyieldessentially100%E---FMN'--ketoacidcomplexcontaining
equimolaramountsofflavinandketoacid.Suchcomplexescanthenbewarmedto25°C
andthekineticsofreoxidationfollowed.Withthepyruvatecomplex,therateofreoxidation
wasshowntobethesameasthatofkoffdeterminedindependentlyunderanaerobicconditions.
Thus,whilethebindingofpyruvatetoE---FMNH2increasesthe02-reactivitybyapproxi­
mately200-fold,6bindingofpyruvatetoE---FMN'-essentiallyabolishesreactionwith02!

Thethermodynamicstabilizationoftheflavinanionradicalbylactateoxidasewas
confirmedbyStankovichandFOX29byredoxpotentialdeterminations.AtpH7.0,25°C,in
0.01Mimidazolebuffer,theErnvaluefortheE---FMN/E---FMN'-couplewasfoundtobe
-67±6mYandthatfortheE---FMN'-/E---FMNH-coupletobe-231±4mY.From
thesedatathepotentialoftheoverall2e-reductioncanbecalculatedasErnE---FMNI
E---FMNI-I-=-149±5mY.ThisvalueisquiteconsistentwiththepH7valueofthe
pyruvate/lactatecoupleof-189my30andapproximatelystoichiometricreductionofthe
enzymebylactateunderanaerobicconditions.Themuchtighterbindingofpyruvatetothe
semiquinoidstatethantoeithertheoxidizedorreducedenzymewouldpredictonthermo­
dynamicgroundsanevenwiderseparationofthetwohalfpotentialsinthepresenceof
pyruvate,withtheErnvalueoftheE---FMN/E---FMN--couplebeingraisedtoapproximately
+80mYandthatoftheE---FMN'-IE---FMNH-coupleloweredtoapproximately-370
mY.Thiscouldbeinparttheexplanationofthegreatlylowered02-reactivityoftheradical­
ketoacidcomplexes,sincethehighpotentialoftheE---FMN/E---FMN--couplewouldmake
theone-electronreductionofO2thermodynamicallydifficult(Ern'pH7for02/02-=-160
my31).

V.INHIBITIONBYSULFITE

Sulfiteisaverypotentinhibitoroflactateoxidaseduetoitsreversibleequilibrium
reactionwiththeenzymeflavintoformaflavinN(5)-sulfiteadduct.32,33Thisisareaction
whichiscommontomostflavoproteinoxidases,butbindingtolactateoxidaseandthe
relatedglycollateoxidaseisparticularlystrong.32Sulfitealsobindstightlytotheflavinof
yeastflavocytochromeb2,whichalsooxidizesL-a-hydroxyacids,butisnotanoxidase.34

IthaslongbeenproposedthattheabilityofflavoproteinstoformtheflavinN(5)-sulfite
adductandtostabilizeavarietyofothernegativelychargedflavinspeciesislinkedtothe
inductiveeffectofapositivelychargedresidueoftheproteinlocatedneartheflavinN(1)­
position.32,35TheX-raycrystalstructureofcytochromeb2indeedrevealsthatLys-349is
locatedinjusttherightpositiontostabilizeflavinsbearinganegativechargeintheN(1)C(2)
=0region,andthusprovidesastrikingverificationoftheearlierhypothesis.36Analmost
identicalsituationhasbeenshowninthecrystalstructureofspinachglycollateoxidase,with
Lys-230adjacenttotheflavinN(1)-position.37Aswillbediscussedindetailinalater
section,inlactateoxidase,Lys-266occupiesthehomologouspositioninthehighlyconserved
aminoacidsequence.

16
Thecrystalstructureofthecytochromeb2-sulfiteadducthasrecently

beenreported,andshowsverybeautifullythelinkageofsulfitetotheflavinN(5)-position.38

Intheinitialpaperdescribingthetightbindingofsulfitetolactateoxidase,32aKdof
3.7J.LMatpH7.0,25°Cwasreported.However,thisdeterminationwasmadeinthepresence
of0.1Mphosphate,whichwassubsequentlyfoundtobeacompetitiveinhibitor.

6
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orders of magnitude slower than that for the E---FMNH2-pyruvate complex. The possible
reason for this effect will be considered in a later section, taking into account recent infor­
mation about the structure of the active site.

The most remarkable feature of the enzyme radical-keto acid complex is that the ability
to be reoxidized rapidly by O2 is almost completely lost. The enzyme radical-keto acid
complex can be formed anaerobically at 4°C by mixing the 02-sensitive radical with an
excess of keto acid, then opened to air, and excess keto acid removed by gel filtration with
Sephadex G-25 at 4°C, to yield essentially 100% E---FMN'- -keto acid complex containing
equimolar amounts of flavin and keto acid. Such complexes can then be warmed to 25°C
and the kinetics of reoxidation followed. With the pyruvate complex, the rate of reoxidation
was shown to be the same as thatofkoffdetermined independently under anaerobic conditions.
Thus, while the binding of pyruvate to E---FMNH2 increases the 02-reactivity by approxi­
mately 200-fold,6 binding of pyruvate to E---FMN'- essentially abolishes reaction with 02!

The thermodynamic stabilization of the flavin anion radical by lactate oxidase was
confirmed by Stankovich and FOX29 by redox potential determinations. At pH 7.0, 25°C, in
0.01 M imidazole buffer, the Ern value for the E---FMN/E---FMN'- couple was found to be
-67 ± 6 mY and that for the E---FMN'-/E---FMNH- couple to be -231 ± 4 mY. From
these data the potential of the overall 2e- reduction can be calculated as ErnE---FMNI
E---FMNI-I- = -149 ± 5 mY. This value is quite consistent with the pH '7 value of the
pyruvate/lactate couple of - 189 my3

0 and approximately stoichiometric reduction of the
enzyme by lactate under anaerobic conditions. The much tighter binding of pyruvate to the
semiquinoid state than to either the oxidized or reduced enzyme would predict on thermo­
dynamic grounds an even wider separation of the two half potentials in the presence of
pyruvate, with the Ern value of the E---FMN/E---FMN' - couple being raised to approximately
+80 mY and that of the E---FMN'- IE---FMNH- couple lowered to approximately - 370
mY. This could be in part the explanation of the greatly lowered 02-reactivity of the radical­
keto acid complexes, since the high potential ofthe E---FMN/E---FMN· - couple would make
the one-electron reduction of O2thermodynamically difficult (Ern' pH 7 for 0 2/02 - = - 160
my31).

V. INHIBITION BY SULFITE

Sulfite is a very potent inhibitor of lactate oxidase due to its reversible equilibrium
reaction with the enzyme flavin to form a flavin N(5)-sulfite adduct. 32,33 This is areaction
which is common to most flavoprotein oxidases, but binding to lactate oxidase and the
related glycollate oxidase is particularly strong. 32 Sulfite also binds tightly to the flavin of
yeast flavocytochrome b2 , which also oxidizes L-a-hydroxy acids, but is not an oxidaseM 34
It has long been proposed that the ability of flavoproteins to form the flavin N(5)-sulfite
adduct and to stabilize a variety of other negatively charged flavin species is linked to the
inductive effect of a positively charged residue of the protein located near the flavin N(1)­
position. 32,35 The X-ray crystal structure of cytochrome b2 indeed reveals that Lys-349 is
located in just the right position to stabilize flavins bearing a negative charge in the N(1)C(2)
= 0 region, and thus provides a striking verification of the earlier hypothesis. 36 An almost
identical situation has been shown in the crystal structure of spinach glycollate oxidase, with
Lys-230 adjacent to the flavin N(1)-position. 37 As will be discussed in detail in a later
section, in lactate oxidase, Lys-266 occupies the homologous position in the highly conserved
amino acid sequence. 16 The crystal structure of the cytochrome b2-sulfite adduct has recently
been reported, and shows very beautifully the linkage of sulfite to the flavin N(5)-position. 38

In the initial paper describing the light binding of sulfite to lactate oxidase,32 a Kd of
3.7 I-LM at pH 7.0, 25°C was reported. However, this determination was made in the presence
of 0.1 M phosphate, which was subsequently found to be a competitive inhibitor.6 It has
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FIGURE6.Absorptionspectrumofthelactateoxidase-sulfiteN(5)covalentadductanddecayinthepresence
ofMMTS.Thelowestcurveisthatoftheenzyme1.2·10-5Min0.01Mimidazole,pH7,25°Cuponadditionof
2.10-

4
Msulfite.ThesubsequentcurveswererecordedwithaHewlettPackardDiodeArrayspectrophotometerat

3,7,13,20.5,30,42,62,and128minafteradditionof10-
3

MMMTS.Fromthissequencetherateofdecay
(koff)ofthesulfitecomplexwasestimated.Seetextforfurtherdetails.

thereforebeenobviousforalongtimethatthetrueKdmustbeconsiderablylower,ofthe
orderof10-

7
Morless,butthishasbeendifficulttodetermineexperitnentally.Recently

wehavedonethisbykineticmeans.Theformationofthesulfiteadductwasfollowedby
thestopped-flowtechnique,andkonwasdeterminedas1.29-10

4
M-

1
s-

1
atpH7.0,24°C.t°

5

Thevalueofkoffwasdeterminedbymakinguseofthereactivityofsulfitewithmethylmethane
thiolsulfonate(MMTS),whichthusremovessulfitefromtheequilibriumasitisreleased
fromtheenzymeflavin:

koff
E--FMN-N(5)-SO;~E--FMN+S03

kon

fast
CH3-S02-S-cH3+S03=~CH3-S-SO;+CH3SO;

I

AtypicalexperimentisshowninFigure6,fromwhichthevalueofkoffcanbecalculated
as7.2-10-

4
S-I.Asexpectedfromtheseequations,thisvaluewasindependentofthe

concentrationofMMTSused.ControlexperimentsshowedthatMMTSaffectedneitherthe
spectrumnortheactivityofthefreeenzyme.TheKd,calculatedfromtheratiokof/kon,is
5.6-10-

8
M.

VI.BINDINGOFDICARBOXYLICACIDSANDINHIBITION

Thesimplestdicarboxylicacid,oxalate,haslongbeenrecognizedasaninhibitorof
enzymesoxidizinglactate39andassuchhasbeenstudiedextensively.Itisapotentcompetitive
inhibitoranditbindsverytightlytolactateoxidaseandwithstrongperturbationsofthe
tlavinspectrum.39Whatsetsasideoxalate,andtoalesserextentalsohigherdicarboxylic
acids,isthemodeofbindingtotheenzyme.39,40Whilemostmonocarboxylicacidsbindto
lactateoxidaseinasimpleequilibriumwithKd'sintherange10-

2
to10-3M,6dicarboxylic

acidsbindinatwo-stepequilibriumprocess.Thefirststep,K1,hasKdvaluesaround10-
2

Mandisfast;itleadstothe{LO--OxaF-}complexshowninScheme2.Thesecondstep,
K4,isestablishedslowlyandleadstothemarkedspectralchangesmentionedearlier(complex Valume 11 255
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FIGURE 6. Absorption spectrum of the lactate oxidase-sulfite N(5) covalent adduct and decay in the presence
of MMTS. The lowest curve is that of the enzyme 1.2·10- 5 M in 0.01 M imidazole, pH 7, 25°C upon addition of
2.10- 4 M sulfite. The subsequent curves were recorded with a Hewlett Packard Diode Array spectrophotometer at
3, 7, 13, 20.5, 30, 42, 62, and 128 min after addition of 10- 3 M MMTS. From this sequence the rate of decay
(koff) of the sulfite complex was estimated. See text for further details.

therefore been obvious for a long time that the true Kd must be considerably lower, of the
order of 10- 7 M or less, but this has been difficult to determine experiInentally. Recently
we have done this by kinetic means. The formation of the sulfite adduct was followed by
the stopped-flow technique, and kon was determined as 1.29.104 M- 1s-1 at pH 7.0, 24°C.t°5

The value of koff was determined by making use of the reactivity of sulfite with methylmethane
thiolsulfonate (MMTS), which thus removes sulfite from the equilibrium as it is released
from the enzyme flavin:

koff
E--FMN-N(5)-SO; ~ E--FMN + S03

kon

fast
CH3-S02-S-cH3 + S03 = ~ CH3-S-SO; + CH3SO;

I

A typical experiment is shown in Figure 6, from which the value of koff can be calculated
as 7.2.10- 4

S-I. As expected from these equations, this value was independent of the
concentration of MMTS used. Control experiments showed that MMTS affected neither the
spectrum nor the activity of the free enzyme. The Kd, calculated from the ratio kof/kon , is
5.6.10- 8 M.

VI. BINDING OF DICARBOXYLIC ACIDS AND INHIBITION

The simplest dicarboxylic acid, oxalate, has long been recognized as an inhibitor of
enzymes oxidizing lactate39 and as such has been studied extensively. It is a potent competitive
inhibitor and it binds very tightly to lactate oxidase and with strong perturbations of the
flavin spectrum. 39 What sets aside oxalate, and to a lesser extent also higher dicarboxylic
acids, is the mode of binding to the enzyme. 39

,40 While most monocarboxylic acids bind to
lactate oxidase in a simple equilibrium with Kd's in the range 10- 2 to 10-3M,6 dicarboxylic
acids bind in a two-step equilibrium process. The first step, K1 , has Kd values around 10- 2

M and is fast; it leads to the {LO--OxaF-} complex shown in Scheme 2. The second step,
K4 , is established slowly and leads to the marked spectral changes mentioned earlier (complex
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SCHEME2.Stepsinvolvedintheformationofthelactateoxidase-oxalatecomplex.Freeoxidizedenzyme(LO)
bindsoxalaterapidlyandreversibly(K1).SubsequentlythecomplexbecomesprotonatedinaslowandpH-dependent
step(K4)toformthestableandphotoreactivecomplex(lowerright).StepsK3andK2wouldleadtothesame
complexviathereversedsequenceofevents.TheequilibriaofstepsK3andK4representtheionizationsof
uncomplexedandcomplexedenzyme.Seetextfordetails.

[LO-H+---OxaI
2
-]).Mostimportantly,itgoesalongwithuptake/dissociationofoneH+

permoleculeofoxalatebound.Thus,theoverallconstantforthebindingofoxalateto
lactateoxidaseatpH7andiniInidazole-HCIbufferis1.6-10-

5
M.

40
Theoverallbinding

canthusbeformulatedasshowninScheme2.
Thesecondcomplexisalsotheonewhichisphotochemicallyreactive,39asdiscussed

later.Theratesofprotonuptakeandreleasearelinearlydependenton[H+]intheneutral
rangeandshowbreakswhichcorrespondtotheproteinionizationconstantsK3andK4.K3,

thedissociationofuncomplexedenzyme,correspondstoapKof4.7;K4isthatoflactate
oxidasecomplexedtooxalateanditspKvalueof9.8indicatesamicroscopicpKshift
correspondingto---7kcallmole.Asimilarbehaviorwasfoundwithmalonatewiththe
differencethatinthiscasethesecondionizationofmalonate(pKa2=5.7)ishigherthan
pK3,resultinginamonophasicbindinginthepHrangebelowpKa2(wheremalonateis
monoanionic).Fromtheseresultsithasbeenproposedthatoxalateand,toalesserextent,
malonateareanalogsofthecarbanionictransitionstateproposedtooccurduringdehydro­
genationofu-hydroxycarboxylicacids.40BasedontheobservedpKvalueof4.7,itwas
alsoproposedthattheaminoacidfunctionisahistidine,andthatthisbaseisinvolvedin
u-protonabstraction.Thishastumedouttobecorrect,asnicelydemonstratedbythethree­
dimensionalstructuresofcytochromeb2andglycollateoxidase.Inordertorationalizethe
findingsinstructuralterms,wehavefittedoxalateintotheframeoftheactivecenter
analogoustothatofflavocytochromeb2(seeChapter7)bysimplyreplacingoxalatefor
pyruvate,theligandcocrystallizinginthecaseofcytochromeb2•Theresultofthisexercise
isshowninFigure7.

OneofthecarboxylatesofoxalatebindstoArg-293andinteractswithTyr-44exactly
thesamewayasnormalsubstratedoes.His-290stabilizesthesecondnegativechargeof
oxalate,andthiswouldthusbethefunctionhavingthepKof4.7.Additionally,oneoxalate
oxygencouldalsointeractwithTyr-152,whilethecarbonylfunctiontakestheplaceofthe
lactatemethylgroup.ThemolecularinteractionsshowninFigure7providearationalefor
thepKshiftof---5unitsoccurringuponbindingofoxalate.Theslownessofthestepsof
protonuptake(k4=4-10

8
M-

1
min-1)andrelease(k-4=0.06min-1)canberationalized

ifoneassurnesawell-shieldedactivecenter.Three-dimensionaldisplaysoftheprotein
portionaroundtheactivecenterarecompatiblewithrestrictedaccessofsolventinthe
presenceofsmallligands.ThisassumptiongoesalongwiththefindingsofWalshetal.,41
whichrequirerestrictedexchangeoftheH+abstractedfromthesubstrateu-position.Itis
alsointerestingtonotethattherelativelysmallchangeinsizebetweenoxalateandmalonate
increasestheratesofprotonuptakeandreleasebyHis-290byapproximatelytwoordersof
magnitude.Thisindicatesamuchlooserfitting,whichwouldinduceabetteraccessibility
ormobilityattheactivecenter.
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LO + Oxal2- . ., { LO - OxaI2
-}

n
K1

H+ nK4Ka H+
K2

LO -H+ + Oxal2-
[ + 2- ]4 ~ LO-H -Oxal

SCHEME 2. Steps involved in the formation of the lactate oxidase-oxalate complex. Free oxidized enzyme (LO)
binds oxalate rapidly and reversibly (K1). Subsequently the complex becomes protonated in a slow and pH-dependent
step (K4) to form the stable and photoreactive complex (lower right). Steps K3 and K2 would lead to the same
complex via the reversed sequence of events. The equilibria of steps K3 and K4 represent the ionizations of
uncomplexed and complexed enzyme. See text for details.

[LO-H + ---OxaI2 -]). Most importantly, it goes along with uptake/dissociation of one H+
per molecule of oxalate bound. Thus, the overall constant for the binding of oxalate to
lactate oxidase at pH 7 and in iInidazole-HCI buffer is 1.6-10- 5 M. 40 The overall binding
can thus be formulated as shown in Scheme 2.

The second complex is also the one which is photochemically reactive,39 as discussed
later. The rates of proton uptake and release are linearly dependent on [H +] in the neutral
range and show breaks which correspond to the protein ionization constants K3 and K4· K3,
the dissociation of uncomplexed enzyme, corresponds to a pK of 4.7; K4 is that of lactate
oxidase complexed to oxalate and its pK value of 9.8 indicates a microscopic pK shift
corresponding to ---7 kcallmole. A similar behavior was found with malonate with the
difference that in this case the second ionization of malonate (pKa2 = 5.7) is higher than
pK3, resulting in a monophasic binding in the pH range below pKa2 (where malonate is
monoanionic). From these results it has been proposed that oxalate and, to a lesser extent,
malonate are analogs of the carbanionic transition state proposed to occur during dehydro­
genation of a-hydroxycarboxylic acids. 40 Based on the observed pK value of 4.7, it was
also proposed that the amino acid function is a histidine, and that this base is involved in
a-proton abstraction. This has tumed out to be correct, as nicely demonstrated by the three­
dimensional structures of cytochrome b2 and glycollate oxidase. In order to rationalize the
findings in structural terms, we have fitted oxalate into the frame of the active center
analogous to that of flavocytochrome b2 (see Chapter 7) by simply replacing oxalate for
pyruvate, the ligand cocrystallizing in the case of cytochrome b2 • The result of this exercise
is shown in Figure 7.

One of the carboxylates of oxalate binds to Arg-293 and interacts with Tyr-44 exactly
the same way as nomlal substrate does. His-290 stabilizes the second negative charge of
oxalate, and this would thus be the function having the pK of 4.7. Additionally, one oxalate
oxygen could also interact with Tyr-152, while the carbonyl function takes the place of the
lactate methyl group. The molecular interactions shown in Figure 7 provide a rationale for
the pK shift of ---5 units occurring upon binding of oxalate. The slowness of the steps of
proton uptake (k4 = 4-108 M- 1 min- 1) and release (k-4 = 0.06 min- 1) can be rationalized
if one assurnes a well-shielded active center. Three-dimensional displays of the protein
portion around the active center are compatible with restricted access of solvent in the
presence of small ligands . This assumption goes along with the findings of Walsh et al.,41
which require restricted exchange of the H+ abstracted from the substrate a-position. It is
also interesting to note that the relatively small change in size between oxalate and malonate
increases the rates of proton uptake and release by His-290 by approximately two orders of
magnitude. This indicates a much looser fitting, which would induce a better accessibility
or mobility at the active center.
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FIGURE7.Representationoftheactivesiteoflactateoxidasebindingoxalate.Theorientationofthefunctional
groupswasadaptedfromthedrawingsoftheactivecentersofcytochromeb/

6
andofglycollateoxidase

37
(see

Chapter7).Oxalatewasfittedintotheactivecentersimplybyreplacingpyruvateintherepresentationofthe
cytochromeb2activecenter.Notethatthiscomplexcorrespondstothe[LO-H+.......OxaP-]complexofScheme2.

VII.PHOTOCHEMICALREACTIONSANDFORMATIONOF
COVALENTADDUCTS

L-Lactateoxidaseisprobablytheflavoenzymeforwhichphotochemicalreactionshave
beenmoststudiedandwhichyieldsawiderangeofproducts.Ingeneral,boththeoxidized
andthereducedformoftheflavinandofflavoenzymescouldbeexpectedtobephotoreactive.
Freereducedflavinsandreducedflavoenzymes,ontheotherhand,aregenerallyassumed
nottobephotoactive.Wewilldiscussthetwotypesofphotoreactionseparately.

A.PHOTOCHEMICALREAC'fIONSOJ4"OXIDIZEDLACTATEOXIDASE
The5-deazaflavin-mediatedphotoreductionofoxidizedlactateoxidaseisfacileand

yieldstheanionicsemiquinone;26thisis,strictlyspeaking,aphotoreactionoffreedeazaflavin
andwillnotbeaddressedhere.Thecommonpatternofphotoreactionsoffreeoxidized
flavin,42andalsoofoxidizedlactateoxidase,involvesdecarboxylationofasubstrateand
theadditionoftheresultingresiduetotheflavin:

.Flox+R-eOOH+hv~FlredH-R+CO2

Thisstoichiometryhasbeendemonstratedforthereactionofoxalateusingthe14C_
labeledcompound.39SinceonecarboxylategroupisfixedbytheinteractionwithArg-293,
asshowninFigure7,the(X-positionofoxalatecomestolieaboveN(5).Indeedallpho­
toadductsformedstartingfromoxidizedlactateoxidaseareN(5)derivatives.Thenatureof
theresidueRintheadductdependsonthatofthestartingcarboxylicacid;itcanbeeither
asubstitutedalkylorafunctionalgroup.43,44Interestingly,however,"unsubstituted"car­
boxylicacidssuchasacetatearenotphotoreactive.

Theabsorptionspectraoflactateoxidaseflavincovalentadductsaresimilartothoseof
thecorrespondingfreespecies,althoughsomewhatredshifted.Mostremarkableistheir
fluorescence,whichcontrastswiththenonfluorescenceofmostanalogsfreeinsolution.
ThestabilityoflactateoxidasephotoadductsdependsentirelyonthenatureoftheN(5)
substituent.Thus,N(5)acetylisstable,whilecarbonates,carbamates,orenolaminesare
labile.43,44Worthnotingisthegoodphotoreactivityof2-thio-and4-thio-FMN-Iactateox­
idase,incontrasttothefreemolecule.43Nospecificdeductionscanbemadewithrespect
tothemechanismofphotoreaction.Alikelypossibilityisareactioninwhichtheexcited Volume 11 257

FIGURE 7. Representation of the active site of lactate oxidase binding oxalate. The orientation of the functional
groups was adapted from the drawings of the active centers of cytochrome b/6 and of glycollate oxidase37 (see
Chapter 7). Oxalate was fitted into the active center simply by replacing pyruvate in the representation of the
cytochrome b2 active center. Note that this complex corresponds to the [LO-H+ .......OxaP-] complex of Scheme 2.

VII. PHOTOCHEMICAL REACTIONS AND FORMATION OF
COVALENT ADDUCTS

L-Lactate oxidase is probably the flavoenzyme for which photochemical reactions have
been most studied and which yields a wide range of products. In general, both the oxidized
and the reduced form of the flavin and of flavoenzymes could be expected to be photoreactive.
Free reduced flavins and reduced flavoenzymes, on the other hand, are generally assumed
not to be photoactive. We will discuss the two types of photoreaction separately.

A. PHOTOCHEMICAL REAC'fIONS OJ4" OXIDIZED LACTATE OXIDASE
The 5-deazaflavin-mediated photoreduction of oxidized lactate oxidase is facile and

yields the anionic semiquinone;26 this is, strictly speaking, a photoreaction of free deazaflavin
and will not be addressed here. The common pattern of photoreactions of free oxidized
flavin,42 and also of oxidized lactate oxidase, involves decarboxylation of a substrate and
the addition of the resulting residue to the flavin:

This stoichiometry has been demonstrated for the reaction of oxalate using the 14C_
labeled compound. 39 Since one carboxylate group is fixed by the interaction with Arg-293,
as shown in Figure 7, the (X-position of oxalate comes to lie above N(5). Indeed all pho­
toadducts formed starting from oxidized lactate oxidase are N(5) derivatives. The nature of
the residue R in the adduct depends on that of the starting carboxylic acid; it can be either
a substituted alkyl or a functional group.43,44 Interestingly, however, "unsubstituted" car­
boxylic acids such as acetate are not photoreactive.

The absorption spectra of lactate oxidase flavin covalent adducts are similar to those of
the corresponding free species, although somewhat red shifted. Most remarkable is their
fluorescence, which contrasts with the nonfluorescence of most analogs free in solution.
The stability of lactate oxidase photoadducts depends entirely on the nature of the N(5)
substituent. Thus, N(5)acetyl is stable, while carbonates, carbamates, or enolamines are
labile. 43 ,44 Worth noting is the good photoreactivity of 2-thio- and 4-thio-FMN-Iactate ox­
idase, in contrast to the free molecule. 43 No specific deductions can be made with respect
to the mechanism of photoreaction. A likely possibility is areaction in which the excited
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flavin(astrongoxidant)oxidizesthecarboxylatebyabstractionofanelectron,thusinitiating
decarboxylation,ashasbeensuggestedforthephotoreactionofthefreesystem.45

B.PHOTOCHEMICALREACTIONSOFREDUCEDLACTATEOXIDASE
Thediscoveryofthisreaction43isinstructive,sinceitoccurredduringattemptstoalkylate

reducedlactateoxidasewithbromoacetate,areactionwhichwasexpectedtoleadto"nor­
mal"alkylationoftheflavinpositionsN(5)orC(4a)ortoalkylationofacysteineresidue,
whichissupposedtobelocatedinthevicinityoftheactivecenter(seefurther).Asamatter
offact,neitheroftheseprocessesoccurinthedark,butattemptstofollowthecourseof
thereactionbymonitoringfluorescencechangesofreducedlactateoxidaseledtothedis­
coverythatchanges,Le.,alkylation,didoccur,butthattheprocesswasinducedbythe
excitationlight.Thesefindingssuggestthattheorientationofthereactantsisnotcorrect
forreactioninthegroundstateandthatirradiationmightaffectthemobilitytoanextent
sufficientforreaction.Thethree-dimensionalstructureoftheactivecenterofb2andLO
suggeststhatthea-halideofacarboxylicacidmighttaketheplacenormallyoccupiedby
thelactate-CH3group(seeFigure7orFigure10);thiswouldnotbeapositionfavorable
fora"simple"SN2substitution.Thusthealkylationmightbeinducedbythevibrations
arisingfromtherelaxationoftheexcitedstateand,strictlyspeaking,thereactioninquestion
isprobablynotaclassicalphotochemicalone,inageneralsense.

Thephotochemistryofreducedlactateoxidase,whileoflimitedinterestassuch,has
allowedthesynthesisofseveralwell-definedflavinadductsnotreadilyobtainablebyother
methods,whichhavebeenofgreatvalueasmodelcompounds.43Thecomparisonofthe
velocityofreactionandthetypeofproductobtainedusingw-halogenatedcarboxylicacids
ofvaryingchainlengthhasledtotheproposalofamodeoftheirbindingwithrespectto
theflavin,43whichhaslaterbeenproventobecorrectinitsessencebyX-raycrystallography.

VIII.INFORMATIONONTHEFLAVINBINDINGSITEFROM
INCORPORATIONOFARTIFICIALFLAVINS

Inrecentyearsmuchvaluableinformationaboutthenatureoftheflavinbindingsitein
flavoproteinshascomefromstudieswherethenativeflavinhasbeenreplacedbyartificial
flavinswithselectivepropertiesspecifictotheindividualflavin(forreviews,seeReferences
46and47).Thus,eventhoughthecrystalstructureoflactateoxidaseisnotyetavailable,
alotofinformationabouttheproteinintheimmediatevicinityoftheflavinisknownfrom
flavinreplacementstudies,muchofwhichhasbeencorroboratedinastrikingfashionfrom
therecentX-raycrystalstructuresoftherelatedenzymes,yeastflavocytochromeb2,and
glycollateoxidase.Forexample,theseriesofstudiesonthestereospecificityofflavin­
substrateinteractionsusing5-deaza-8-hydroxyflavinsshowedthatinbothD-lactatedehy­
drogenaseandL-lactateoxidase,substratereactswiththeenzymeflavinonlyontheSi-face,
theoppositefacethanthatemployedbyglutathionereductaseandaseriesofotherNAD(P)H­
interactingenzymes.48,49ThesameSi-faceoftheflavinhasbeenfoundtointeractwiththe
product,pyruvate,inthecrystalstructureofflavocytochromeb2

50
andtheinhibitor,thio­

glycollate,inthecrystalstructureofspinachglycollateoxidase.17,37
Studieswith8-CI-FMN-and8-mercapto-FMN-substitutedlactateoxidaserevealedthat

thechemicallyreactive8-substituentoftheseflavinswasnotaccessibletosolvent-borne
reagents.51Thesameconclusioncouldbedrawnfromthecrystalstructuresofcytochrome
b2andglycollateoxidase(previousreferences).

Lactateoxidasecontaining2-thio-FMNwasfoundtobeunreactivewithmethylmethane
thiolsulfonate52asweIlaswithH202andm-chloroperbenzoate,53indicatingthatthisportion
oftheflavinisalsoshieldedfromsolventbytheprotein.Reconstitutionoftheapoenzyme
withFMN-2-S-oxidegaveastableenzymewithspectralpropertiessimilartothoseofthe258 Chemistry and Biochemistry 0/ Flavoenzymes

flavin (a strong oxidant) oxidizes the carboxylate by abstraction of an electron, thus initiating
decarboxylation, as has been suggested for the photoreaction of the free system. 45

B. PHOTOCHEMICAL REACTIONS OF REDUCED LACTATE OXIDASE
The discovery ofthis reaction43 is instructive, since it occurred during attempts to alkylate

reduced lactate oxidase with bromoacetate, areaction which was expected to lead to "nor­
mal" alkylation of the flavin positions N(5) or C(4a) or to alkylation of a cysteine residue,
which is supposed to be located in the vicinity of the active center (see further). As a matter
of fact, neither of these processes occur in the dark, but attempts to follow the course of
the reaction by monitoring fluorescence changes of reduced lactate oxidase led to the dis­
covery that changes, Le., alkylation, did occur, but that the process was induced by the
excitation light. These findings suggest that the orientation of the reactants is not correct
for reaction in the ground state and that irradiation might affect the mobility to an extent
sufficient for reaction. The three-dimensional structure of the active center of b2 and LO
suggests that the a-halide of a carboxylic acid might take the place normally occupied by
the lactate - CH3 group (see Figure 7 or Figure 10); this would not be a position favorable
for a "simple" SN2 substitution. Thus the alkylation might be induced by the vibrations
arising from the relaxation of the excited state and, strictly speaking, the reaction in question
is probably not a classical photochemical one, in a general sense.

The photochemistry of reduced lactate oxidase, while of limited interest as such, has
allowed the synthesis of several well-defined flavin adducts not readily obtainable by other
methods, which have been of great value as model compounds.43 The comparison of the
velocity of reaction and the type of product obtained using w-halogenated carboxylic acids
of varying chain length has led to the proposal of a mode of their binding with respect to
the flavin,43 which has later been proven to be correct in its essence by X-ray crystallography.

VIII. INFORMATION ON THE FLAVIN BINDING SITE FROM
INCORPORATION OF ARTIFICIAL FLAVINS

In recent years much valuable information about the nature of the flavin binding site in
flavoproteins has come from studies where the native flavin has been replaced by artificial
flavins with selective properties specific to the individual flavin (for reviews, see References
46 and 47). Thus, even though the crystal structure of lactate oxidase is not yet available,
a lot of information about the protein in the immediate vicinity of the flavin is known from
flavin replacement studies, much of which has been corroborated in a striking fashion from
the recent X-ray crystal structures of the related enzymes, yeast flavocytochrome b2 , and
glycollate oxidase. For example, the series of studies on the stereospecificity of flavin­
substrate interactions using 5-deaza-8-hydroxyflavins showed that in both D-lactate dehy­
drogenase and L-lactate oxidase, substrate reacts with the enzyme flavin only on the Si-face,
the opposite face than that employed by glutathione reductase and aseries of other NAD(P)H­
interacting enzymes. 48

,49 The same Si-face of the flavin has been found to interact with the
product, pyruvate, in the crystal structure of flavocytochrome b2

50 and the inhibitor, thio­
glycollate, in the crystal structure of spinach glycollate oxidase. 17,37

Studies with 8-CI-FMN- and 8-mercapto-FMN-substituted lactate oxidase revealed that
the chemically reactive 8-substituent of these flavins was not accessible to solvent-borne
reagents. 51 The same conclusion could be drawn from the crystal structures of cytochrome
b2 and glycollate oxidase (previous references).

Lactate oxidase containing 2-thio-FMN was found to be unreactive with methylmethane
thiolsulfonate52 as weIl as with H20 2 and m-chloroperbenzoate,53 indicating that this portion
of the flavin is also shielded from solvent by the protein. Reconstitution of the apoenzyme
with FMN-2-S-oxide gave a stable enzyme with spectral properties similar to those of the
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TABLE2
KineticConstantsofNativeLactateOxidaseandofEnzyme

Reconstitutedwith2-Thio-FMNandwithIso-FMN

Nativeenzymea2-Thio-FMNblso-FMNc

Vrnax6200min-14500min-1Largebutindetenninate

Klactate22mM8mMLargebutindetenninate
K020.071mM0.22mMLargebutindeterminate

K--0--0--0
k_.Jk150mM28mM80M
kz1.4·1()4min-11.0.104min-12.0·1()4min-1

k-z--0--0--0
k32.5min-1105min-12.6min-1

k-3103M-1min-18.4.103M-1min-1
notdetennined

k41.1.108M-1min-15.4.107M-1min-11.4.105M-1min-1

k51.13.104min-18.2.103M-1min-1
largebutindeterminate

~5.4.105M-1min-12.9.105M-1min-18.4·1()4M-1min-1

Allvalueswereobtainedin10mMimidazole·HCIbuffer,pH7.0at25°C.

aReference6.
bReference54.
cReference58.

freeflavin-2-S-oxideinapolarsolvents,indicatingthatthisportionoftheflavinmightbe
experiencingahydrophobicenvironmentintheprotein.53However,thisconclusiondoes
notappeartobecompatiblewithresultsfromotherstudies,tobedescribedlater,which
stronglysuggestthepresenceofaproteinpositivelychargedresidueinteractingwiththe
flavinN(1)-C(2=0)locus.The2-thio-FMNenzymehasprovedusefulinotherways.It
hasbeensubjectedtoadetailedkineticanalysisandfoundtobeverysimilar.tonative
enzymeinpracticallyallitscatalyticproperties,includingvaluesofindividualrateconstants,
asshowninTable2.54Italsoreactswiththesuicidesubstratea-hydroxybutynoatetogive
acovalentadductwiththeflavin,43presumablyaC(4a)-N(5)-cyclicadductaswiththenative
flavin.55,56Thisadductofthe2-thio-FMN,andasimilarC(4a)-adductproducedphoto­
chemically,haveverydifferentspectralpropertiesthanN(5)-adductsof2-thioflavinsand
inthiswayhaveprovedusefulindifferentiatingbetweenN(5)-andC(4a)-catalyticinter­
mediatesinthis

44
andothee5

7
enzymes.4-Thio-FMNalsobindstolactateoxidasetogivea

holoenzymewhichisreducedrapidlybyL-Iactate,resultinginareducedflavinanionspecies
withintensefluorescence.59However,theholoenzymeisnotverystable,andoveraperiod
ofdaysatO°CgraduallyundergoesdesulfurationoftheflavintoyieldnormalFMNand
whatappearstobeaproteinpersulfide.Thelatterimpartsalongwavelengthabsorption
bandtothespectrum,typicalofa~hargetransfercomplex,whichisdischargedonreaction
withcyanide.

Thesepropertiesindicatethattheremaybeaproteinthiolresidueneartheflavinwhich
isabletoinducethedesulfurationofthe4-thio-FMNwiththeconcomitantformationofa
persulfide.Theslownessoftheconversionleavesopenthepossibilitythattheinitialreaction
occursnotintheflavinbindingsite,butwithathiolontheproteinsurfacereactingwith
dissociated4-thio-FMN,followedbyrebindingofthenascentlyformedFMN.However,
theconcomitantappearanceofthelongwavelengthbandwouldimplythatthepersulfide
residuemustbeclosetotheflavin.Theprotein-bound4-thio-FMNreactsrapidlywithH202,

againwithdesulfuration,showingthattheflavin4-positionisaccessibletosmallmolecules.
Additionofsulfiteto4-thio-FMNenzymeresultsinrapidformationofa4-thio-FMN-N(5)­
sulfiteadduct,analogoustothatofnativeenzyme.

60
Thisreaction,ofcourse,requiresac-
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TADLE 2
Kinetic Constants of Native Lactate Oxidase and of Enzyme

Reconstituted with 2-Thio-FMN and with Iso-FMN

Vmax

Klactate

K02

K
k_/k1

kz

k-2
k3

k-3
k4

k5

~

Native enzymea

6200 min- 1

22mM
0.071 mM

--0
50mM
1.4·104 min- 1

--0
2.5 min- 1

103 M-1min- 1

1.1.108 M-1min- 1

1.13.104 min- 1

5.4.105 M-1min- 1

2-Thio-FMNb

4500 min- 1

8mM
0.22 mM

--0
28mM
1.0.104 min- 1

--0
105 min- 1

8.4.103 M-1min- 1

5.4.107 M-1min- 1

8.2.103 M-1min- 1

2.9.105 M-1min- 1

Iso-FMNC

Large but indetenninate
Large but indetenninate
Large but indeterminate

--0
80 M
2.0·104 min- 1

--0
2.6 min- 1

not detennined
1.4.105 M-1min- 1

large but indeterminate
8.4·104 M-1min- 1

All values were obtained in 10 mM imidazole·HCI buffer, pH 7.0 at 25°C.

a Reference 6.
b Reference 54.
c Reference 58.

free flavin-2-S-oxide in apolar solvents, indicating that this portion of the flavin might be
experiencing a hydrophobic environment in the protein. 53 However, this conclusion does
not appear to be compatible with results from other studies, to be described later, which
strongly suggest the presence of a protein positively charged residue interacting with the
flavin N(1)-C(2 = 0) locus. The 2-thio-FMN enzyme has proved useful in other ways. It
has been subjected to a detailed kinetic analysis and found to be very similar to native
enzyme in practically all its catalytic properties, including values of individual rate constants,
as shown in Table 2.54 It also reacts with the suicide substrate a-hydroxybutynoate to give
a covalent adduct with the flavin,43 presumably a C(4a)-N(5)-cyclic adduct as with the native
flavin. 55 ,56 This adduct of the 2-thio-FMN, and a similar C(4a)-adduct produced photo­
chemically, have very different spectral properties than N(5)-adducts of 2-thioflavins and
in this way have proved useful in differentiating between N(5)- and C(4a)-catalytic inter­
mediates in this44 and othee57 enzymes. 4-Thio-FMN also binds to lactate oxidase to give a
holoenzyme which is reduced rapidly by L-Iactate, resulting in a reduced flavin anion species
with intense fluorescence. 59 However, the holoenzyme is not very stable, and over aperiod
of days at O°C gradually undergoes desulfuration of the flavin to yield normal FMN and
what appears to be a protein persulfide. The latter imparts a long wavelength absorption
band to the spectrum, typical of a charge transfer complex, which is discharged on reaction
with cyanide.

These properties indicate that there may be a protein thiol residue near the flavin which
is able to induce the desulfuration of the 4-thio-FMN with the concomitant formation of a
persulfide. The slowness of the conversion leaves open the possibility that the initial reaction
occurs not in the flavin binding site, but with a thiol on the protein surface reacting with
dissociated 4-thio-FMN, followed by rebinding of the nascently formed FMN. However,
the concomitant appearance of the long wavelength band would imply that the persulfide
residue roust be close to the flavin. The protein-bound 4-thio-FMN reacts rapidly with H20 2 ,

again with desulfuration, showing that the flavin 4-position is accessible to small molecules.
Addition of sulfite to 4-thio-FMN enzyme results in rapid formation of a 4-thio-FMN-N(5)­
sulfite adduct, analogous to that of native enzyme. 60 This reaction, of course, requires ac-
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cessibilityfromthesolventtotheflavin5-position.Similarconclusionswerereachedby
Jornsetal.,61whoshowedtheformationofastableflavin4a,5-epoxideontreatmentof5­
deaza-FMNlactateoxidasewithH202orm-chloroperbenzoate.Itisinterestingtonotethat
pigliverglycollateoxidase,whichalsobindssulfitestrongly,32whensubstitutedwith5­
deaza-FMNandreactedwithH202,alsoformstheflavin4a,5-epoxide,butthenundergoes
furtherreactionsinvolvingdisruptionoftheflavinpyrimidinering.

62
Theseresultsimply

somesignificantdifferencesintheflavinbindingsiteoflactateoxidaseandglycollate
oxidase.

6-Thiocyanato-FMNalsoreactsspontaneouslywiththeapoproteinoflactateoxidaseto
yieldastable6-mercapto-FMNenzyme,withtheeliminationofcyanide.

63
Unfortunatelyit

hasnotyetbeenpossibletodeterminewhetherthisprocessoccursintheactivesite,or
whethertheconversionoccurswithsurfacethiolsfollowedbyincorporationoftheresultant
6-mercapto-FMNintheactivesite.The6-mercapto-FMNenzymereactsonlyslowlywith
iodoacetamide,N-ethylmaleimide,ormethylmethanethiolsulfonate,allofwhichreact
rapidlywithfree6-mercaptoflavins,therebyiInplyingliInitedaccessofthesereagentsto
theflavin6-position.However,reactionwithH202orm-chloroperbenzoatetoyieldthe
flavin6-S-oxideisquitefast.Theseresultswouldimplyreasonableaccessibility,butun­
fortunatelythisapparentdilemmacannotbeproperlyevaluated,asitwasnotpossibleto
followtherateofthesameprocesswithfree6-mercaptoflavins,wheretheproductof
oxidationisthe6-mercaptoflavindimer.FlavinscontainingOH-orSH-substituentsatthe
6-or8-positionsconstituteagroupofartificialflavinswhichareverysensitivetotheprotein
environment,especiallytopositivelyornegativelychargedresiduesinteractingwiththe
flavinpyrimidinering(seeReference47forareview).Intheiranionicstate,theycanexist
invariousresonanceforms,predominantonesofwhicharelistedinScheme3.

Withallfourflavins,bindingtoapo-lactateoxidaseresultsinstabilizationoftheanionic
flavin,andinallcasesitappearstobethebenzoquinoidformshownontherightwhichis
stabilized(bound)bytheprotein.Thisisparticularlyobviousinthecaseof8-mercapto­
FMN,wheretheresonanceformwiththenegativechargeonthe8-sulfuratomistheone
predominantinthefreeflavin,withaX-maxof530mm.Thisisverylittleperturbedon
bindingtoapo-flavodoxin,butisdramaticallyshiftedonbindingtoapo-lactateoxidase,as
showninFigure8.

Withtheotherflavinsofthisgroup,theanionicstateofthefreeflavinappearstohave
themajorresonancecontributionfromthebenzoquinoidforms,evenwithoutstabilization
bytheprotein.Inthesecases,theeffectoftheproteinisbestevaluatedbyitseffectonthe
pKoftheboundflavin.Withlactateoxidase,thepKof8-0H-FMNisloweredfrom4.8
to<4.0,thatof6-mercaptoFMNfrom5.9to<4.5,andthatof6-0H-FMNfrom7.1to
<5.0.Thus,inallcases,thereisadistinctpreferencefortheenzymetobindtheanionic
flavin,withitsnegativechargelocalizedintheN(1)C(2)=Olocus.Togetherwiththesta­
bilizationoftheanionicflavinradicalandtheN(5)-sulfiteadductalreadydiscussed,these
propertiesprovidedcompellingevidenceforapositivelychargedproteinresidueinthe
vicinityoftheflavinN(1)-position,apredictionforthisgroupofenzymeswhichisbeing
nicelyborneoutbytherecentX-raystructuralinformationdiscussedinanothersection.

Furthervaluableinformationabouttheactivesitewasobtainedfromadetailedstudy
ofthepropertiesoftheenzymeinwhichthenativeflavinwasreplacedwithiso-FMN(where
thetwomethylgroupsofthebenzeneringareatpositions6and7insteadof7and8).This
enzymedisplaysmostofthepropertiespossessedbynativeenzyme,asdescribedinother
sections.

58
ItformscovalentderivativesattheflavinN(5)-andC(4a)-positionsinfacile

photochemicalreactionsanalogoustothoseofnativeenzyme.Italsoformsaredanionic
semiquinoneonone-electronreduction,andthisradicalisremarkablystabilizedtowardO2

whenitisincomplexwithpyruvate,againsimilartonativeenzyme.
Theiso-FMNenzymealsoreactsrapidlyandstoichiometricallywitha-hydroxybutynoate260 Chemistry and Biochemistry of Flavoenzymes

cessibility from the solvent to the flavin 5-position. Similar conclusions were reached by
Jorns et al. ,61 who showed the formation of a stable flavin 4a,5-epoxide on treatment of 5­
deaza-FMN lactate oxidase with H20 2 or m-chloroperbenzoate. It is interesting to note that
pig liver glycollate oxidase, which also binds sulfite strongly, 32 when substituted with 5­
deaza-FMN and reacted with H20 2 , also forms the flavin 4a,5-epoxide, but then undergoes
further reactions involving disruption of the flavin pyrimidine ring. 62 These results imply
some significant differences in the flavin binding site of lactate oxidase and glycollate
oxidase.

6-Thiocyanato-FMN also reacts spontaneously with the apoprotein of lactate oxidase to
yield a stable 6-mercapto-FMN enzyme, with the elimination of cyanide. 63 Unfortunately it
has not yet been possible to determine whether this process occurs in the active site, or
whether the conversion occurs with surface thiols followed by incorporation of the resultant
6-mercapto-FMN in the active site. The 6-mercapto-FMN enzyme reacts only slowly with
iodoacetamide, N-ethylmaleimide, or methyl methane thiolsulfonate, all of which react
rapidly with free 6-mercaptoflavins, thereby iInplying liInited access of these reagents to
the flavin 6-position. However, reaction with H20 2 or m-chloroperbenzoate to yield the
flavin 6-S-oxide is quite fast. These results would imply reasonable accessibility, but un­
fortunately this apparent dilemma cannot be properly evaluated, as it was not possible to
follow the rate of the same process with free 6-mercaptoflavins, where the product of
oxidation is the 6-mercaptoflavin dimer. Flavins containing OH- or SH-substituents at the
6- or 8-positions constitute a group of artificial flavins which are very sensitive to the protein
environment, especially to positively or negatively charged residues interacting with the
flavin pyrimidine ring (see Reference 47 for a review). In their anionic state, they can exist
in various resonance forms, predominant ones of which are listed in Scheme 3.

With all four flavins, binding to apo-lactate oxidase results in stabilization of the anionic
flavin, and in all cases it appears to be the benzoquinoid form shown on the right which is
stabilized (bound) by the protein. This is particularly obvious in the case of 8-mercapto­
FMN, where the resonance form with the negative charge on the 8-sulfur atom is the one
predominant in the free flavin, with a X-max of 530 mm. This is very little perturbed on
binding to apo-flavodoxin, but is dramatically shifted on binding to apo-lactate oxidase, as
shown in Figure 8.

With the other flavins of this group, the anionic state of the free flavin appears to have
the major resonance contribution from the benzoquinoid forms, even without stabilization
by the protein. In these cases, the effect of the protein is best evaluated by its effect on the
pK of the bound flavin. With lactate oxidase, the pK of 8-0H-FMN is lowered from 4.8
to <4.0, that of 6-mercapto FMN from 5.9 to <4.5, and that of 6-0H-FMN from 7.1 to
<5.0. Thus, in all cases, there is a distinct preference for the enzyme to bind the anionic
flavin, with its negative charge localized in the N(1)C(2)=O locus. Together with the sta­
bilization of the anionic flavin radical and the N(5)-sulfite adduct already discussed, these
properties provided compelling evidence for a positively charged protein residue in the
vicinity of the flavin N(1 )-position, a prediction for this group of enzymes which is being
nicely borne out by the recent X-ray structural information discussed in another section.

Further valuable information about the active site was obtained from a detailed study
of the properties of the enzyme in which the native flavin was replaced with iso-FMN (where
the two methyl groups of the benzene ring are at positions 6 and 7 instead of 7 and 8). This
enzyme displays most of the properties possessed by native enzyme, as described in other
sections. 58 It forms covalent derivatives at the flavin N(5)- and C(4a)-positions in facile
photochemical reactions analogous to those of native enzyme. It also forms a red anionic
semiquinone on one-electron reduction, and this radical is remarkably stabilized toward O2

when it is in complex with pyruvate, again similar to native enzyme.
The iso-FMN enzyme also reacts rapidly and stoichiometrically with a-hydroxybutynoate
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SCHEME3.RepresentationofstructuresofmodifiedflavinssubstitutedfornormalFMNinlactateoxidase.The
formulaeontheleftrowarethoseoftheprotonatedspecies,whichionizewiththepKvaluesshown.Inbrackets
thecanonicalstructuresofthemesomericanionsarerepresented.Therightrowdepictsthequinoidmesomeric
formsthoughttobestabilizedattheactivecenteroflactateoxidasebytheinteractionwithLys-266.
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Moore,E.G.,J.Biol.ehern.,25,9640,1979.Withpermission.)
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SCHEME 3. Representation of structures of modified flavins substituted for normal FMN in lactate oxidase. The
formulae on the left row are those of the protonated species, which ionize with the pK values shown. In brackets
the canonical structures of the mesomeric anions are represented. The right row depicts the quinoid mesomeric
forms thought to be stabilized at the active center of lactate oxidase by the interaction with Lys-266.
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FIGURE 8. Absorption spectra of 8-mercapto-FMN bound to lactate oxidase and flavodoxin. The two spectra
are representative of the two possible extreme mesomeric forms of 8-mercapto flavin. With lactate oxidase the
structure with the negative charge at N(1) is stabilized (see right row of Scheme 3), while with flavodoxin the
charge is located on the 8-S substituent (see Scheme 3, middle row). (Adapted from Massey, V., Ghisla, S., and
Moore, E. G., J. Biol. ehern., 25, 9640, 1979. With permission.)
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toyieldahighlyfluorescentC(4a)-N(5)-cyclicadduct.Rapidreactionstudiesshowedthat
theiso-FMNenzymereactsevenmorerapidlywithL-lactatethandoesnativeenzymeto
formareducedenzyme-pyruvatecomplexofstabilityverysiInilartothatofnativeenzyme.
KineticconstantsaresummarizedinTable2.Theonlystrikingdifferencebetweentheiso­
FMNenzymeandnativeenzymeisthereactivityofthereducedenzyme-pyruvatecomplex
with02.Withnativeenzyme,thisreactionissome200timesfasterthanwithfreereduced
enzyme;withtheiso-FMNenzyme,thereisonlyamarginalincreaseinO2reactivity.It
wouldappearthatwhilethebulkymethylgroupattheflavin6-positiondoesnotinterfere
withsubstrateorproductbinding,accessofO2tothereducedflavin-pyruvatecomplexis
considerablyhindered.Itisbecauseoftheslowreactionofthereducedenzyme-pyruvate
complexwithO2thatthesteady-statekineticsshowveryhighKmvaluesforbothlactate
and02'makingthedeterminationofthetruecatalyticmaximumvelocityexperimentally
verydifficult.

IX.INFORMATIONABOUTTHEACTIVESITEFROMPROTEIN
CHEMICALMODIFICATIONS

Intheabsenceofrealknowledgeofthethree-dimensionalstructureofaparticularprotein,
onehastoturntoinformationgainedbyindirectmeans,suchasthatdescribedintheprevious
section.Anotherapproachwhichhaslongbeenusedisthatofreactionoftheproteinwith
reagentsknowntomodifyspecificaminoacidresiduesandtestingtheeffectoncatalytic
activity.Ifactivityislost,andthepresenceofsubstrateorcompetitiveinhibitorsisshown
toprotectagainstlossofactivity,itisnotunreasonabletoinferthattheaminoacidresidue
modifiedspecificallyiseitherinvolveddirectlyincatalysisorthatthemodificationresults
inblockageofaccessofsubstratetoitsbindingsite.Ineithercasethemodifiedresidue
wouldbeexpectedtobeclosetotheactivesite,andhencesuchstudiescouldbeexpected
togiveinformationabouttheproteinenvironmentoftheactivesite,particularlyifthe
locationofthemodifiedresidueintheaminoacidsequencecanbeidentified.Nowthatthe
aminoacidsequenceoflactateoxidasehasbeendetermined,16wecanattempttorelatethe
resultsofsuchmodificationstotherecentlydeterminedcrystalstructuresofflavocytochrome
b2andglycollateoxidase.

Evidenceforthecatalyticroleofahistidylresiduecamefrommodificationoftheenzyme
bydiethylpyrocarbonate.

64
Twohistidineresidueswerefoundtoreactinenzymeinactivated

to10%ofitsinitialactivity.However,incubationwithliInitedamountsofreagentandex­
trapolationoftheresidualactivityvs.moleshistidinemodifiedledtotheconclusionthat
onlyonehistidylresiduewasessentialforactivity.Themodificationissufficientlylabile
tomakeidentificationofthespecificresidueimpossible,butitcouldweIlhavebeenHis­
290,sincethehomologousHis-373incytochromeb2andHis-254inglycollateoxidaseare
positionedinsuchawayastomakethemlikelytobetheenzymebaseresponsiblefor
abstractionofthesubstratea-protonasanearlystepincatalysis.

36
,37

Lactateoxidaseisalsoinactivatedbyreactionwithfluorodinitrobenzene,andthepres­
enceofcompetitiveinhibitorssuchasnitrateora-hydroxymalonate(tartronate)provided
strongprotection.65Unfortunatelyitisdifficulttodrawfirmconclusionsfromthismodi­
ficationastheresultsappeartobeinfluencedbythenatureofthebufferused.Intheinitial
paper,65themodificationwascarriedoutin50mM2-(N-morpholino)ethanesulfonate(Mes)
buffer,pH6.0,andinactivationwasclaimedtobeaccompaniedbyincorporationoftwo
DNPresidues,oneresultinginmodificationofanimidazoleresidueandtheothermodifi­
cationofalysylsidechain.Inthepresenceofnitrateora-hydroxymalonate,wherealmost
completeprotectionwasobtained,only0.5molimidazole-labelwasincorporated,suggesting
thatitwasthemodificationofalysineresiduewhichcausedinactivation.Inalaterpaper
fromthesamelaboratory,66theinactivationwascarriedoutin50mMTris-acetatebuffer,262 Chemistry and Biochemistry 0/ Flavoenzymes

to yield a highly fluorescent C(4a)-N(5)-cyclic adduct. Rapid reaction studies showed that
the iso-FMN enzyme reacts even more rapidly with L-lactate than does native enzyme to
form a reduced enzyme-pyruvate complex of stability very siInilar to that of native enzyme.
Kinetic constants are summarized in Table 2. The only striking difference between the iso­
FMN enzyme and native enzyme is the reactivity of the reduced enzyme-pyruvate complex
with 02. With native enzyme, this reaction is some 200 times faster than with free reduced
enzyme; with the iso-FMN enzyme, there is only a marginal increase in O2 reactivity. It
would appear that while the bulky methyl group at the flavin 6-position does not interfere
with substrate or product binding, access of O2 to the reduced flavin-pyruvate complex is
considerably hindered. It is because of the slow reaction of the reduced enzyme-pyruvate
complex with O2 that the steady-state kinetics show very high Km values for both lactate
and 02' making the determination of the true catalytic maximum velocity experimentally
very difficult.

IX. INFORMATION ABOUT THE ACTIVE SITE FROM PROTEIN
CHEMICAL MODIFICATIONS

In the absence of real knowledge of the three-dimensional structure of a particular protein,
one has to turn to information gained by indirect means, such as that described in the previous
section. Another approach which has long been used is that of reaction of the protein with
reagents known to modify specific amino acid residues and testing the effect on catalytic
activity. If activity is lost, and the presence of substrate or competitive inhibitors is shown
to protect against loss of activity, it is not unreasonable to infer that the amino acid residue
modified specifically is either involved directly in catalysis or that the modification results
in blockage of access of substrate to its binding site. In either case the modified residue
would be expected to be close to the active site, and hence such studies could be expected
to give information about the protein environment of the active site, particularly if the
location of the modified residue in the amino acid sequence can be identified. Now that the
amino acid sequence of lactate oxidase has been determined,16 we can attempt to relate the
results of such modifications to the recently determined crystal structures of flavocytochrome
b2 and glycollate oxidase.

Evidence for the catalytic role of a histidyl residue came fronl modification ofthe enzyme
by diethyl pyrocarbonate. 64 Two histidine residues were found to react in enzyme inactivated
to 10% of its initial activity. However, incubation with liInited amounts of reagent and ex­
trapolation of the residual activity vs. moles histidine modified led to the conclusion that
only one histidyl residue was essential for activity. The modification is sufficiently labile
to make identification of the specific residue impossible, but it could weIl have been His­
290, since the homologous l-lis-373 in cytochrome b2 and His-254 in glycollate oxidase are
positioned in such a way as to make them likely to be the enzyme base responsible for
abstraction of the substrate a-proton as an early step in catalysis. 36

,37

Lactate oxidase is also inactivated by reaction with fluorodinitrobenzene, and the pres­
ence of competitive inhibitors such as nitrate or a-hydroxymalonate (tartronate) provided
strong protection.65 Unfortunately it is difficult to draw firm conclusions from this modi­
fication as the results appear to be influenced by the nature of the buffer used. In the initial
paper,65 the modification was carried out in 50 mM 2-(N-morpholino) ethane sulfonate (Mes)
buffer, pH 6.0, and inactivation was claimed to be accompanied by incorporation of two
DNP residues, one resulting in modification of an imidazole residue and the other modifi­
cation of a lysyl side chain. In the presence of nitrate or a-hydroxymalonate, where almost
complete protection was obtained, only 0.5 mol imidazole-label was incorporated, suggesting
that it was the modification of a lysine residue which caused inactivation. In a later paper
from the same laboratory,66 the inactivation was carried out in 50 mM Tris-acetate buffer,
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pH6.0,andresultedincompleteinactivationwiththeincorporationofoneDNPresidue
permoleenzyme-boundFMN.Analysisofproteinhydrolysatesindicatedthatonlyhistidine
wasmodified.Theinactivatedenzymewasfoundtoreactonlypartiallywithsulfiteand
onlypartiallyinaphotochemicalreactionwithoxalate.Itwasalsofoundtobeonlypartially
reducedbyL-Iactateunderanaerobicconditions.Itwasconcludedthatacetate,aknown
competitiveinhibitor,

6
protectedtheessentiallysylresiduefrom·reaction,andthatthe

approximately50%reactionwithsulfite,oxalate,andsubstratewasduetomodificationof
twoactivesitehistidinesinamutuallyexclusivefashion,witheachhistidylresiduehaving
aspecificroleincontrollingthereactionswiththeearliermentionedligandsandwithboth
beingrequiredforcatalysis.

WehaverecentlyreinvestigatedthereactionwithFDNBunderconditionssimilarto
thoseemployedbyChoongetal.

65
exceptthat20mMMesbuffer,pH6.0,wasemployed.

67

Peptidemappingbyhighperformanceliquidchromatography(HPLC)ofradioactivelyla­
beledenzymedigestedwithtrypsinshowedthreepeaksofradioactivity,andsequencingof
thepeptidesshowedthattwodifferentcysteineresiduesandahistidineresiduehadbeen
modified.ThesecorrespondtoCys-l04,Cys-203,andHis-240intheaminoacidsequence.

16

Bothcysteineresidueswereprotectedfrommodificationinthepresenceofsulfite(which
formsatightN-5adductwiththeflavin;seeearliersection)orby2-methyllactate,a
competitiveinhibitor;thehistidinemodificationwas,however,onlypartiallyprotected.The
extentofcysteinemodificationwas1molpermoleFMN,suggestingthatthetwodifferent
residuesmodifiedmustbelabeledinamutuallyexclusivefashion,andsincetheyareboth
protectedbyinhibitors,mustbothbeinornearthesubstrate-bindingsiteoftheenzyme.
Lactateoxidaseisalsoinactivatedbyreactionwith5,5'-dithiobis(2-nitrobenzoicacid)(DTNB)
withtheincorporationofone-DNPresiduepermoleenzymeflavin,withinactivationpro­
ceedingfromanenzyme-DTNBcomplexwithaKdof........1mM.

68
Takentogetherwiththe

spontaneousreactionsof4-thio-FMNenzymeand6-SCN-FMNenzymedescribedinthe
previoussection,theseresultsseemedtoprovidestrongsuggestiveevidenceforatleastone
(andmoreprobablytwo)cysteineresiduesinorclosetotheflavinbindingsiteoftheenzyme.
However,inneithertheglycollateoxidasenortheflavocytochromeb2sequenceisthereany
homologouscysteineresidue.Unlessbothtypesofevidencediscussedearlierareartifactual,
itwouldappearthatthisisafeatureofthelactateoxidasestructuredistinguishingitfrom
thoseofflavocytochromeb2andglycollateoxidase.

LactateoxidasefromM.phleiwasfoundtobeinactivatedirreversiblyinlutidinebuffer
byreactionwith2,3-butanedioneorphenylglyoxal.69Analysisshowedthatasinglearginine
residuewasmodified,anditwasconcludedthatthisresiduewasprobablyinvolvedin
bindingthecarboxylateofthesubstrate.Thisconclusionwasbasedontheprotectiveeffect
ofo-lactate,andfromtheobservationthatphosphatefailedtoperturbthespectrumofthe
inactivatedenzyme.ThemodifiedenzymealsofailedtoformaflavinN(5)-sulfiteadduct.
Inthecrystalstructuresofflavocytochromeb2andglycollateoxidase,anarginineresidue
hasbeenfoundontheSisideoftheflavinandisbelievedtobindthesubstratecarboxylate
(Arg-376inflavocytochromeb2andArg-257inglycollateoxidase)(seeChapter7).In
lactateoxidase,Arg-293occupiesthehomologouspositionandisthereforelikelytobethe
residuemodifiedbyPetersetal.69Theimportantroleofthisarginineresidueinflavocy­
tochromeb2hasbeenshownbysite-directedmutagenesis;replacementbyalysylresidue
resultedincompletelossofcatalyticactivity.70,71

X.STRUCTURALCOMPARISONSWITHSPINACH
GLYCOLLATEOXIDASEANDYEASTFLAVOCYTOCHROMEb].

TheaminoacidsequenceoflactateoxidaseisnowavailableviathecDNAsequenceof
theclonedgene.

16
Thesubunitsequenceof393aminoacidsisshowninTable3andis Volume 11 263

pH 6.0, and resulted in complete inactivation with the incorporation of one DNP residue
per mole enzyme-bound FMN. Analysis of protein hydrolysates indicated that only histidine
was modified. The inactivated enzyme was found to react only partially with sulfite and
only partially in a photochemical reaction with oxalate. It was also found to be only partially
reduced by L-Iactate under anaerobic conditions. It was concluded that acetate, a known
competitive inhibitor, 6 protected the essential lysyl residue from reaction, and that the
approximately 50% reaction with sulfite, oxalate, and substrate was due to modification of
two active site histidines in a mutually exclusive fashion, with each histidyl residue having
a specific role in controlling the reactions with the earlier mentioned ligands and with both
being required for catalysis.

We have recently reinvestigated the reaction with FDNB under conditions similar to
those employed by Choong et al. 65 except that 20 mM Mes buffer, pH 6.0, was employed. 67

Peptide mapping by high performance liquid chromatography (HPLC) of radioactively la­
beled enzyme digested with trypsin showed three peaks of radioactivity, and sequencing of
the peptides showed that two different cysteine residues and a histidine residue had been
modified. These correspond to Cys-l04, Cys-203, and His-240 in the amino acid sequence. 16

Both cysteine residues were protected from modification in the presence of sulfite (which
forms a tight N-5 adduct with the flavin; see earlier section) or by 2-methyl lactate, a
competitive inhibitor; the histidine modification was, however, only partially protected. The
extent of cysteine modification was 1 mol per mole FMN, suggesting that the two different
residues modified must be labeled in a mutually exclusive fashion, and since they are both
protected by inhibitors, must both be in or near the substrate-binding site of the enzyme.
Lactate oxidase is also inactivated by reaction with 5,5'-dithiobis(2-nitrobenzoic acid)(DTNB)
with the incorporation of one-DNP residue per mole enzyme flavin, with inactivation pro­
ceeding from an enzyme-DTNB complex with a Kd of ........ 1 mM. 68 Taken together with the
spontaneous reactions of 4-thio-FMN enzyme and 6-SCN-FMN enzyme described in the
previous section, these results seemed to provide strong suggestive evidence for at least one
(and more probably two) cysteine residues in or close to the flavin binding site ofthe enzyme.
However, in neither the glycollate oxidase nor the flavocytochrome b2 sequence is there any
homologous cysteine residue. Unless both types of evidence discussed earlier are artifactual,
it would appear that this is a feature of the lactate oxidase structure distinguishing it from
those of flavocytochrome b2 and glycollate oxidase.

Lactate oxidase from M. phlei was found to be inactivated irreversibly in lutidine buffer
by reaction with 2,3-butanedione or phenylglyoxal. 69 Analysis showed that a single arginine
residue was modified, and it was concluded that this residue was probably involved in
binding the carboxylate of the substrate. This conclusion was based on the protective effect
of D-Iactate, and from the observation that phosphate failed to perturb the spectrum of the
inactivated enzyme. The modified enzyme also failed to form a flavin N(5)-sulfite adduct.
In the crystal structures of flavocytochrome b2 and glycollate oxidase, an arginine residue
has been found on the Si side of the flavin and is believed to bind the substrate carboxylate
(Arg-376 in flavocytochrome b2 and Arg-257 in glycollate oxidase) (see Chapter 7). In
lactate oxidase, Arg-293 occupies the homologous position and is therefore likely to be the
residue modified by Peters et al. 69 The important role of this arginine residue in flavocy­
tochrome b2 has been shown by site-directed mutagenesis; replacement by a lysyl residue
resulted in complete loss of catalytic activity. 70,71

X. STRUCTURAL COMPARISONS WITH SPINACH
GLYCOLLATE OXIDASE AND YEAST FLAVOCYTOCHROME bz

The amino acid sequence of lactate oxidase is now available via the cDNA sequence of
the cloned gene. 16 The subunit sequence of 393 amino acids is shown in Table 3 and is
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LO K266

GO K230
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TABLE 3
Sequence Comparison of L-Lactate Oxidase (LO), Glycollate Oxidase (GO), and

Flavocytochrome b2 (b2)
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FIGURE9.Comparisonofactivecenterfunctionalgroupsforlactateoxidase(LO),glycollateoxidase(GO),
andflavocytochromeb2(b2).

alignedformaximalsequenceidentitywithspinachglycollateoxidase72,73andyeastcyto­
chromeb2•74Itisclearthatthereisconsiderablesimilaritybetweenthethreeenzymes,
whichmightbeexpectedtobereflectedalsointheirthree-dimensionalstructures.This
assumptionisshowntobelargelycorrectinthecaseofglycollateoxidaseandcytochrome
b2,whichhaveverysimilarstructuresaroundtheFMNprostheticgroup17,50(seeChapter
7).InthesequencecomparisonofTable3,thereare69residuesshowingsequenceidentity
betweenallthreeenzymes.Includedamongtheseareresidueswhichareinvolvedinbinding
totheFMNsidechainorisoalloxazinering,orresiduesimplicatedinsubstratebindingand
catalysis.Thus,asdiscussedindetailelsewhereinthisvolumeforcytochromeb2(Chapter
7),Arg-413andArg-433formsaltlinkagestothephosphateofFMN,Asp-409isH-bonded
withtheFMNribityl-3'-OH,andLys-349isH-bondedwiththeribityl-2'-OH.Exactlythe
samefunctionsintheglycollateoxidasecrystalstructureareascribedtothehomologous
residuesArg-289,Arg-309,Asp-284,andLys-230.37Whilethecrystalstructureoflactate
oxidasehasnotyetbeendetermined,theexistenceofthesamehomologousresidues,Arg­
324,Arg-344,Asp-320,andLys-266,suggestsstronglyaverysimilarbindingofFMNalso
inthisenzyme.Similarinteractionsarealsoseenbetweentheproteinandisoalloxazinering,
with0(2)makingahydrogenbondwithThr-155inglycollateoxidase,Thr-280incyto­
chromeb2,andpresumablyThr-178inlactateoxidase.Interactionof0(4)withGln-127in
glycollateoxidaseisparalleledbythesameinteractionwithGln-252incytochromeb2and
presumablybytheequivalentGln-150inlactateoxidase.Amongtheaminoacidfunctions,
whichareassulnedtobepartofthecatalyticmachinery,theconservationisimpressive,as
showninFigure9.

TheimportanceofapositivelychargedresidueclosetotheflavinN(l)-positionhaslong
beenrecognizedinthecaseoflactateoxidaseandotherflavoproteinswithsimilarproperties,
asbeinginvolvedinthestabilizationofanionicflavinswiththenegativechargeinthe
N(I)-0(2)locus34,76(seealsolatersections).Themechanisticsignificanceofthisresidue
willbeconsideredindetailinanothersection,butitisgratifyingtoseeinthecrystal266 Chemistry and Biochemistry 0/ Flavoenzymes
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FIGURE 9. Comparison of active center functional groups for lactate oxidase (LO), glycollate oxidase (GO),
and flavocytochrome b2 (b2).

aligned for maximal sequence identity with spinach glycollate oxidase72,73 and yeast cyto­
chrome b2 •74 It is clear that there is considerable similarity between the three enzymes,
which might be expected to be reflected also in their three-dimensional structures. This
assumption is shown to be largely correct in the case of glycollate oxidase and cytochrome
b2 , which have very similar structures around the FMN prosthetic group17,50 (see Chapter
7). In the sequence comparison of Table 3, there are 69 residues showing sequence identity
between all three enzymes. Included among these are residues which are involved in binding
to the FMN side chain or isoalloxazine ring, or residues implicated in substrate binding and
catalysis. Thus, as discussed in detail elsewhere in this volume for cytochrome b2 (Chapter
7), Arg-413 and Arg-433 form salt linkages to the phosphate of FMN, Asp-409 is H-bonded
with the FMN ribityl-3' -OH, and Lys-349 is H-bonded with the ribityl-2' -OH. Exactly the
same functions in the glycollate oxidase crystal structure are ascribed to the homologous
residues Arg-289, Arg-309, Asp-284, and Lys-230. 37 While the crystal structure of lactate
oxidase has not yet been determined, the existence of the same homologous residues, Arg­
324, Arg-344, Asp-320, and Lys-266, suggests strongly a very similar binding of FMN also
in this enzyme. Similar interactions are also seen between the protein and isoalloxazine ring,
with 0(2) making a hydrogen bond with Thr-155 in glycollate oxidase, Thr-280 in cyto­
chrome b2 , and presumably Thr-178 in lactate oxidase. Interaction of 0(4) with Gln-127 in
glycollate oxidase is paralleled by the same interaction with Gln-252 in cytochrome b2 and
presumably by the equivalent Gln-150 in lactate oxidase. Among the amino acid functions,
which are assluned to be part of the catalytic machinery, the conservation is impressive, as
shown in Figure 9.

The importance of a positively charged residue close to the flavin N(l)-position has long
been recognized in the case of lactate oxidase and other flavoproteins with similar properties,
as being involved in the stabilization of anionic flavins with the negative charge in the
N(I)-0(2) locus34,76 (see also later sections). The mechanistic significance of this residue
will be considered in detail in another section, but it is gratifying to see in the crystal
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structuresofglycollateoxidaseandcytochromeb2thatthesameroleisascribedtoLys-230
andLys-349,respectively.36,37Inthelactateoxidasesequence,thehomologousresidueis
Lys-266.16

Bindingofthesubstrateintheactivesiteisalsosimilarinallthreeenzymes.Fromthe
crystalstnlcturesitisknownthatsubstratesorcompetitiveinhibitorsareboundontheSi­
sideoftheflavin;17,36thesameconclusionwasreachedindependentlywithlactateoxidase

-fromenzymesubstitutedwithstereospecificallylabeled8-0H-5-deaza-FMNH2•48With.cy­
tochromeb2,thecarboxylateofthesubstrateisheldinasaltbridgewithArg-376andby
ahydrogenbondwiththehydroxylofTyr-143(seeChapter7).Thesameinteractionswith
glycollateoxidasearefulfilledbyArg-257andTyr-2437andpresumablywithlactateoxidase
bythestrictlyhomologousresiduesArg-293andTyr-44.16Allthreeproteinscontaina
strictlyconservedhistidineresiduewhichisbelievedtobetheactivesitebaseresponsible
forabstractionofaprotonfromthesubstratea-positioninoneoftheprimarystepsin
catalysis.ThisisHis-373incytochromeb2,His-254inglycollateoxidase,andpresumably
His-290inlactateoxidase.TheN(I)-positionofthishistidineresidueisalsoclosetothe
carboxylateofAsp-282incytochromeb2,Asp-157inglycollateoxidase,andpresumably
Asp-180oflactateoxidase.Finally,atyrosineresiduelocatedonthesubstratebindingside
oftheflavinappearstobestrictlyconserved,andasconsideredindetailinalatersection,
probablyplaysanimportantroleincatalysis.ThisisTyr-254incytochromeb2,Tyr-129in
glycollateoxidase,andTyr-152inlactateoxidase.Someofthesecommonfeaturesarealso
illustratedinTable3,basedontheinterpretationofthecrystalstructureofcytochromeb2

byLedererandMathews.36Whiletheexactpositionofboundsubstraterelativetoflavinin
thecaseoflactateoxidaseisnotyetproved,thisdescriptionoftheactivesiteisfully
consistentwiththedeductionsmadepreviouslyfromcovalentadductsformedphotochem­
icallyfromcomplexesofa-bromoacetateandß-bromopropionateandreducedenzyme.43

XI.REACTIONWITHSUICIDE(MECHANISM-BASED)
INACTIVATORS

FollowingBloch'soriginalreport77ofirreversibleinactivationofadehydraseby3­
decynoylthiolesters,substrateanalogs,L-Iactateoxidasewasamongthefirstenzymesfor
whichthemechanismofa"suicide"or"mechanism-based"inactivationwasworkedout
indetail.2-Hydroxy-3-butynoicacid(right)isananalogoflactate(left):

H

I
CH3-C-COO-

I
OH

H

I
H-C::-C-C-COO-

l
OH

anditsusewasconceivedalsoasamechanisticprobesince,asinBloch'scase,77the
formationofanegativechargeadjacenttoanalkynefunctioncanleadtoanalleneand
subsequentlytocovalentreactionwithafunctionattheactivecenter.Infact2-hydroxy-3­
butynoicacidwasfoundbyWalshetal.78in1972toirreversiblyinactivatelactateoxidase
bycovalentmodificationoftheFMNcofactor.Laterstudies

55
showedthatitbehavesin

mostrespectsasareasonablygoodsubstrate,thecatalyticparametersbeingconsistentwith
thestepsofScheme4,anditstumovernumber(.........220min-1)beingapproximatelyone
tenththevalueobservedwithlactateunderthesameconditions(3200min-1).Theproducts
tobeexpectedinthepresenceofoxygenarethosealsoshownbythesequenceofScheme
4,i.e.,2-propynoicacidandCO2(comparetoScheme1forlactate).
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structures of glycollate oxidase and cytochrome b2 that the same role is ascribed to Lys-230
and Lys-349, respectively. 36,37 In the lactate oxidase sequence, the homologous residue is
Lys-266. 16

Binding of the substrate in the active site is also similar in all three enzymes. From the
crystal stnlctures it is known that substrates or competitive inhibitors are bound on the Si­
side of the flavin;17,36 the same conclusion was reached independently with lactate oxidase
from enzyme substituted with stereospecifically labeled 8-0H-5-deaza-FMNH2 •

48 With. cy­
tochrome b2 , the carboxylate of the substrate is held in a salt bridge with Arg-376 and by
a hydrogen bond with the hydroxyl of Tyr-143 (see Chapter 7). The same interactions with
glycollate oxidase are fulfilled by Arg-257 and Tyr-2437 and presumably with lactate oxidase
by the strictly homologous residues Arg-293 and Tyr-44. 16 All three proteins contain a
strictly conserved histidine residue which is believed to be the active site base responsible
for abstraction of a proton from the substrate a-position in one of the primary steps in
catalysis. This is His-373 in cytochrome b2 , His-254 in glycollate oxidase, and presumably
His-290 in lactate oxidase. The N(I)-position of this histidine residue is also close to the
carboxylate of Asp-282 in cytochrome b2 , Asp-157 in glycollate oxidase, and presumably
Asp-180 of lactate oxidase. Finally, a tyrosine residue located on the substrate binding side
of the flavin appears to be strictly conserved, and as considered in detail in a later section,
probably plays an important role in catalysis. This is Tyr-254 in cytochrome b2 , Tyr-129 in
glycollate oxidase, and Tyr-152 in lactate oxidase. Some of these common features are also
illustrated in Table 3, based on the interpretation of the crystal structure of cytochrome b2

by Lederer and Mathews. 36 While the exact position of bound substrate relative to flavin in
the case of lactate oxidase is not yet proved, this description of the active site is fully
consistent with the deductions made previously from covalent adducts formed photochem­
ically from complexes of a-bromoacetate and ß-bromopropionate and reduced enzyme.43

XI. REACTION WITH SUICIDE (MECHANISM-BASED)
INACTIVATORS

Following Bloch's original report77 of irreversible inactivation of a dehydrase by 3­
decynoyl thiolesters, substrate analogs, L-Iactate oxidase was among the first enzymes for
which the mechanism of a "suicide" or "mechanism-based" inactivation was worked out
in detail. 2-Hydroxy-3-butynoic acid (right) is an analog of lactate (left):

H

I
CH3-C-COO-

I
OH

H

I
H-C::-C-C- COO-

I
OH

and its use was conceived also as a mechanistic probe since, as in Bloch's case,77 the
formation of a negative charge adjacent to an alkyne function can lead to an allene and
subsequently to covalent reaction with a function at the active center. In fact 2-hydroxy-3­
butynoic acid was found by Walsh et al. 78 in 1972 to irreversibly inactivate lactate oxidase
by covalent modification of the FMN cofactor. Later studies55 showed that it behaves in
most respects as a reasonably good substrate, the catalytic parameters being consistent with
the steps of Scheme 4, and its turnover number (-"-220 min- 1) being approximately one
tenth the value observed with lactate under the same conditions (3200 min - 1). The products
to be expected in the presence of oxygen are those also shown by the sequence of Scheme
4, i.e., 2-propynoic acid and CO2 (compare to Scheme 1 for lactate).

~
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E-Flox+HB~E-Flox-HB,:.

",
", ~,

,'li'
E-Flred-adduct(inactive)

E-Flred-KB~E-Flred+KB

(Amax=600nm)

\02

E-Flox+HC=C-COO-+CO2+H20

SCHEME4.Kineticschemeforthecatalyticturnoverof2-hydroxy-3-butynoate(HB)andfortheirreversible
inactivation.NotethatinactivationcanoccurstartingeitherfromoxidizedenzymeandHBorfromreducedenzyme
and2-ketobutynoate(KB).

Underthesameconditions,therateofirreversibleenzymeinactivationis---2min-1,

andthusoneofevery110tumoversresultsinmodificationoftheenzyme.Theindependence
ofthisratioontheconcentrationofinactivatorisconsistentwithapartitioningofsome
commonprecursorbetweenoxidationandinactivation.55Alsoinlinewiththisassumption,
therateofenzymeinactivationismuchhigherintheabsenceofoxygen,andinactivation
alsooccurswhenthereducedenzymeisincubatedanaerobicallywith2-ketobutynoate.
Stopped-flowstudiesoftheinactivationprocessdemonstratedtheformationofaninter­
mediateprecedinginactivation,whichischaracterizedbyalongwavelengthabsorption
typicalofcomplexesofreducedenzymeanda-ketoacids.55"Thesestudies55,56couldnot,
unfortunately,differentiatebetweentheinactivationeventoriginatingatthelevelofthe
complexofoxidizedenzymeandaputativea-deprotonatedinhibitor,orthecomplexof
reducedenzymeand2-ketobutynoate.Thisfollowsfromtheobservationthatthespecies
shownonthetoplineofScheme4areinasufficientlyrapidequilibriumthatadiscrimination
ofpathwayswasnotpossible.

Onemainissueinthecontextofthisinactivationprocesswasthestructureoftheadduct
formedbyadditionoftheinhibitormoietytotheflavin,sincethiswouldprovideimportant
mechanisticinsights.Thistaskprovedtobeadifficultonesincetheadductislabilewhile
boundtotheprotein,andevenmoresouponreleasefromtheproteinbydenaturation.These
decayreactionswerefoundnottoyieldasingleproduct,butseveralspeciesdependingon
theconditions.Theabsorptionspectrumofthespeciespresentpriortodecaywastypical
fora4a,5-dihydro-isoalloxazinechromophoresuggesting,atthetime,anewtypeofbio­
chemicalflavinreaction.Astabilizationofthisprimaryadduct,towhichstructureB,Scheme
5,wasassigned,wasachievedbyreductionwithsodiumborohydride,56areactioninline
withtheassumedstructure,whichleadstothecolorlessphenylenediamine(D)(Scheme5).
Thisisalsounstaple;itdecays,however,toasinglemainproductwhichwasidentifiedas
thepyrroloquinoxaline(E).56Thisinformationledtotheidentificationof(C)asamajor
productfromthedecayoftheprimaryadduct(B)intheabsenceofNaBH4treatment.56The
sumoftheresultswasthuscompatiblewithstructure(B)astheprimaryproductofthe
inactivationeventandinvolvesacyclicadditionoftheinactivatortotheisoalloxazine.

Unfortunately,thesestudiesdidnotprovidespecificcluesonthemechanismofformation
of(B).Formationofthisspeciescouldbeinitiatedeitherbyattackofa2-0H-butynoatea­

carbanionontheoxidizedflavinorbyMichaelisadditionofthereducedflavintotheproduct
2-ketobutynoate.Ontheotherhand,thesestudiesprovidedimportantinformationonthe
modeofbindingandorientationofsubstratewithrespecttotheflavininacomplexpreceding
inactivation.InconjunctionwithsimilarexperimentsobtainedwithD-Iactate
dehydrogenase,79,80theyshowedthatthesubstratea-positionmustbelocatedincloseprox­
imitytotheflavinN(5)insuchacomplex,aproposalagainfullysupportedbythededuced
three-dimensionalstructurediscussedintheprevioussection.
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E-Flox + HB~ E-Flox-HB ~,,
",

",
",'li'

E- Flred-adduct (inactive)

E-Flred-KB ~ E-Flred + KB

(Amax = 600 nm)

\02

SCHEME 4. Kinetic scheme for the catalytic turnover of 2-hydroxy-3-butynoate (HB) and for the irreversible
inactivation. Note that inactivation can occur starting either from oxidized enzyme and HB or from reduced enzyme
and 2-ketobutynoate (KB).

Under the same conditions, the rate of irreversible enzyme inactivation is ---2 min -1,

and thus one of every 110 tumovers results in modification of the enzyme. The independence
of this ratio on the concentration of inactivator is consistent with a partitioning of some
common precursor between oxidation and inactivation. 55 Also in line with this assumption,
the rate of enzyme inactivation is much higher in the absence of oxygen, and inactivation
also occurs when the reduced enzyme is incubated anaerobically with 2-ketobutynoate.
Stopped-flow studies of the inactivation process demonstrated the formation of an inter­
mediate preceding inactivation, which is characterized by a long wavelength absorption
typical of complexes of reduced enzyme and a-ketoacids. 55 "These studies55 ,56 could not,
unfortunately, differentiate between the inactivation event originating at the level of the
complex of oxidized enzyme and a putative a-deprotonated inhibitor, or the complex of
reduced enzyme and 2-ketobutynoate. This follows from the observation that the species
shown on the top line of Scheme 4 are in a sufficiently rapid equilibrium that a discrimination
of pathways was not possible.

One main issue in the context of this inactivation process was the structure of the adduct
formed by addition of the inhibitor moiety to the flavin, since this would provide important
mechanistic insights. This task proved to be a difficult one since the adduct is labile while
bound to the protein, and even more so upon release from the protein by denaturation. These
decay reactions were found not to yield a single product, but several species depending on
the conditions. The absorption spectrum of the species present prior to decay was typical
for a 4a,5-dihydro-isoalloxazine chromophore suggesting, at the time, a new type of bio­
chemical flavin reaction. A stabilization of this primary adduct, to which structure B, Scheme
5, was assigned, was achieved by reduction with sodium borohydride,56 areaction in line
with the assumed structure, which leads to the colorless phenylenediamine (0) (Scheme 5).
This is also unstable; it decays, however, to a single main product which was identified as
the pyrroloquinoxaline (E).56 This information led to the identification of (e) as a major
product from the decay of the primary adduct (B) in the absence of NaBH4 treatment. 56 The
sum of the results was thus compatible with structure (B) as the primary product of the
inactivation event and involves a cyclic addition of the inactivator to the isoalloxazine.

Unfortunately, these studies did not provide specific clues on the mechanism of formation
of (B). Formation of this species could be initiated either by attack of a 2-0H-butynoate a­

carbanion on the oxidized flavin or by Michaelis addition of the reduced flavin to the product
2-ketobutynoate. On the other hand, these studies provided important information on the
mode of binding and orientation of substrate with respect to the flavin in a complex preceding
inactivation. In conjunction with similar experiments obtained with D-Iactate
dehydrogenase,79,80 they showed that the substrate a-position must be located in close prox­
imity to the flavin N(5) in such a complex, a proposal again fully supported by the deduced
three-dimensional structure discussed in the previous section.
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SCHEME5.Formationofcovalentadductsbetweentheflavinoflactateoxidaseandtheinactivator2-hydroxy­
butynoateanddecay.Bistheadductthoughttobeformeddirectlyfromadditionoftheinactivatortotheoxidized
flavinA.CisthestructureofoneofthemajorproductsarisingfromthedecayofBduringandsubsequentto
denaturationoftheproteinwithmethanol.TreatmentofBwithsodiumborohydrideyieldsD,whichinturndecays
toEupondenaturation.Eistheproductwhichwasidentified.(FromSchonbrunnetal.,Biochemistry,15,1798,
1976.Wl_thpermission.)

XII.THEREDUCTIVEHALF-REACTION,MECHANISMOF
DEHYDROGENATION

A.EVIDENCEFORCARBANIONMECHANISM
Thecatalyticcycleoflactateoxidaseisinitiatedbysubstratedehydrogenationinthe

complexwithoxidizedenzyme.Asdiscussedelsewhereindetail,81thecleavageofthea­
C-Hbondofana-hydroxy(ora-amino)acidcanbeformulatedbydifferentchemical
mechanisms,Le.,homolytically,byexpulsionofahydride,orbyformationofana­
carbanion.InthecaseoflactateoxidaseandoftherelatedenzymesD-aminoacidoxidase
andcytochromeb2,evidencecompatiblewithana-carbanioninitiatedprocess(Scheme6)
hasaccumulatedinthepasttwodecadesandthismechanismisnowacceptedbygeneral
consensus(seeChapter7).Thisassumptionisbasedontheuseofsubstrateorproduct
analogs,inwhichinitialformationofacarbanioninducesapartitioningbetweenthenormal
dehydrogenationprocessandareactiontypicaloftheparticularsubstituent.Aclassical
exampleisß-elüninationinducedbya-carbanion-formingsubstratesasshowninScheme
6.SuchabehaviorwasfirstobservedbyMiyakeetal.82whilestudyingtheinteractionof
ß-Cl-alanineandD-aminoacidoxidase,andwassubsequentlyinterpretedcorrectlybyWalsh
etal.83intheirclassicalwork,whichfirstsuggestedthecarbanionthemeinthepresent
context.Thesamepartitioningwasfoundsoonthereafterforlactateoxidaseusingß-Cl­
lactate,41,85andthereactiontypewasstudiedingreaterdetaillaterinthecytochromeb2
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SCHEME 5. Fonnation of covalent adducts between the t1avin of lactate oxidase and the inactivator 2-hydroxy­
butynoate and decay. B is the adduct thought to be fonned directly from addition of the inactivator to the oxidized
flavin A. C is the structure of one of the major products arising from the decay of B during and subsequent to
denaturation of the protein with methanol. Treatment of B with sodium borohydride yields D, which in turn decays
to E upon denaturation. Eis the product which was identified. (From Schonbrunn et al. , Biochemistry, 15, 1798,
1976. Wl_th pennission.)

XII. THE REDUCTIVE HALF-REACTION, MECHANISM OF
DEHYDROGENATION

A. EVIDENCE FOR CARBANION MECHANISM
The catalytic cycle of lactate oxidase is initiated by substrate dehydrogenation in the

complex with oxidized enzyme. As discussed elsewhere in detail,81 the cleavage of the a­
C-H bond of an a-hydroxy (or a-amino) acid can be formulated by different chemical
mechanisms, i.e., homolytically, by expulsion of a hydride, or by formation of an a­
carbanion. In the case of lactate oxidase and of the related enzymes D-amino acid oxidase
and cytochrome b2 , evidence compatible with an a-carbanion initiated process (Scheme 6)
has accumulated in the past two decades and this mechanism is now accepted by general
consensus (see Chapter 7). This assumption is based on the use of substrate or product
analogs, in which initial formation of a carbanion induces a partitioning between the nomlal
dehydrogenation process and areaction typical of the particular substituent. A classical
example is ß-eliInination induced by a -carbanion-forming substrates as shown in Scheme
6. Such a behavior was first observed by Miyake et al. 82 while studying the interaction of
ß-Cl-alanine and D-amino acid oxidase, and was subsequently interpreted correctly by Walsh
et al. 83 in their classical work, which first suggested the carbanion theme in the present
context. The same partitioning was found soon thereafter for lactate oxidase using ß-Cl­
lactate,41,85 and the reaction type was studied in greater detail later in the cytochrome b2
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SCHEME7.Modesoftransferofredoxequivalentsfromasubstratecarbaniontotheoxidizedflavin.Thecarbanion
isformedinthefirststep(a).Step(b)representsadditionofthecarbaniontotheflavinN(5)positiontoyieldthe
covalentadductshown.Step(c)representsfragmentationoftheintermediatetothereducedenzymeflavin-keto
acidcomplex.Theright-handsideoftheschemedepictsstepsinvolvingtransferofsingleelectrons.In(d1)this
formsa(transient?)complextoflavinradicalanionandthecorrespondingsubstrateradical.Furthertransferof
le-leadstotheproducts(stepsd2ord3+c).

system(seeChapter7).Presentknowledgeonthemodeofinactivationoflactateoxidase
andD-Iactatedehydrogenasebysuicidesubstratessuchaso.-hydroxybutynoicacid(see
earlier)cansimilarlybetakenassupportinginitialcarbanionformation.Foradetailed
discussionoftheargumentsinfavorofcarbanionmechanisminthecaseofcytochromeb2,

werefertoChapter7.

B.MODESOFTRANSFEROF"REDOXEQUIVALENTS"FROMA
CARBANIONINTERMEDIATETOTUEOXIDIZEDFLAVINACCEPTOR
Subsequenttocarbanionformation,forthetransferofnegativechargetotheoxidized

flavinoflactateoxidase,threealternativepathwayscanbeformulatedasdepictedinScheme
7.AspointedoutbyBruice,86,87inparticularfornitroalkaneanions,theoxidationof
carbanionsproceedsviaradicalmechanisms,whichmightbeinitiatedbyastepsuchasd1,270 Chemistry and Biochemistry 0/ Flavoenzymes
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SCHEME 6. Mechanism of elimination of halide from the ß-position of an a-OH-carboxylic acid and competition
with catalysis. -BI is an enzyme active center base and X a leaving group such as Cl- or Br- and Y is 0 or NH.
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SCHEME 7. Modes of transfer of redox equivalents from a substrate carbanion to the oxidized tlavin. The carbanion
is formed in the first step (a). Step (b) represents addition of the carbanion to the flavin N(5) position to yield the
covalent adduct shown. Step (c) represents fragmentation of the intermediate to the reduced enzyme flavin-keto
acid complex. The right-hand side of the scheme depicts steps involving transfer of single electrons. In (d1) this
forms a (transient?) complex to flavin radical anion and the corresponding substrate radical. Further transfer of
le- leads to the products (steps d2 or d3 + c).

system (see Chapter 7). Present knowledge on the mode of inactivation of lactate oxidase
and D-Iactate dehydrogenase by suicide substrates such as a-hydroxybutynoic acid (see
earlier) can similarly be taken as supporting initial carbanion formation. For a detailed
discussion of the arguments in favor of carbanion mechanism in the case of cytochrome b2 ,

we refer to Chapter 7.

B. MODES OF TRANSFER OF "REDOX EQUIVALENTS" FROM A
CARBANION INTERMEDIATE TO TUE OXIDIZED FLAVIN ACCEPTOR
Subsequent to carbanion formation, for the transfer of negative charge to the oxidized

flavin of lactate oxidase, three alternative pathways can be formulated as depicted in Scheme
7. As pointed out by Bruice,86,87 in particular for nitroalkane anions, the oxidation of
carbanions proceeds via radical mechanisms, which might be initiated by a step such as d1 ,
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inScheme7,andresultsinformationofapairofradicals.Collapseoftheunpairedelectrons
intheradicalpairwillresultinformationofacovalentbond(stepd3).Step(dz),i.e.,the
transferof1e-and1H+totheflavinalsomustobeycertainrules.First,therecannotbe
transferofH·,e.g.,fromthea-O-H,sincethehydrogenendingupatN(5)oftheflavin
originatesfromthesubstratea-position,andwillrestontheabstractingbase(His-290,His­
254,andHis-373inlactateoxidase,glycollateoxidase,andcytochromebz)atthestageof
theradicalpairorofthecovalentintermediate.Thus,formationofproductsviaaputative
step(dz)mustbeeitherconcertedwithprotonationofN(5)byhistidineorwillinvolvea
negativechargeattheflavinN(5)asanintermediate(Scheme7).Thissequencecontrasts
withthedirectattackofthecarbanionontheflavinasshownbystep(b)toformthecovalent
intermediate,aformalsequencewhichhas10befollowedbyfragmentation,step(c),to
yieldthesameproducts.

Aspointedoutelsewhere,48,57adifferentiationbetweentwosequencessuchas(b+c)
or(d1+d3+c)(covalentadductmechanism)and(d1+dz)(radicaltransfermechanism)
mightbeverydifficultifnotimpossibleifsteps(c)and(dz)arefasterthanthepreceding
ones,astheyarelikelytobe.Adiscussionofthesealternativesfollowsinalatersection.

Inthiscontextitisimportanttopointoutthatreductionofthelactateoxidaseflavinby
L-Iactate(R=CH3inthesubstratestructureshowninScheme7)proceedsmonophasically
toyieldthecomplexofreducedenzymeandpyruvate.

6
Thusneitherthebiradicalnorthe

covalentspeciesshowninScheme7areobservablereactionintermediates.Theirlifetimes
mustbeeitherextremelyshort,ortheymightoccurastransientspecies.Whilethisistrue
forthenormalsubstrate,lactate,thereactionoflactateoxidasewithglycollate,thelower
homologue,yieldsadrasticallydifferentpicture,andindeedintermediateshavebeenob­
servedandidentified.

C.REACTIONSOFLACTATEOXIDASEWITHGLYCOLLATE
Glycollateisthesimplesta-OH-carboxylicacidandtheonlyonehavingtwo(equivalent,

butprochiral)a-hydrogens.Lactateoxidaserecognizesglycollateasasubstrateandit
catalyzesitsoxidationinafashionwhichissuperficiallysimilar,butinimportantdetails
significantlydifferentfromthatobservedwithlactate.Inviewoftheimportanceofthis
reaction,whichyieldsmechanisticinformationnotobtainablewithnormalsubstrate,itwill
bediscussedinsomedetail.

1.TurnoverofGlycollatebyLactateOxidase
Glycollateundergoesadehydrogenationandanoxidativedecarboxylationinthepresence

ofoxygen,themainproductsbeingformate,COz,andwater.Inthisrespectitsreactionis
analogoustothatfoundwithlactateanddepictedinScheme1.However,andincontrast
tothereactionwithlactate,thereissome20%uncouplingofthedecarboxylativedegradation
whichyieldsglyoxylateandHzOzasshowninScheme8.Theturnovernumberforglycollate
is66to70min-188andisloweredto--20witha-dideuteroglycollate,yieldinganisotope
effectof--3.6,whichisessentiallythesameasfoundforlactate/deuterolactate(Table4).
Theproductoftheuncoupledreaction,glyoxylate,probablyinitshydratedform,isalsoa
goodsubstrate,therateofreductionofoxidizedlactateoxidasebeing--13s-1,andtheKd

forformationoftheMichaeliscomplex0.05M,i.e.,closelysimilartothatfoundforlactate
(seeearlier).Theproductofthisreactionisoxalate,andlactateoxidasethusbehavesinthis
caseasatrueoxidaseincontrasttothenormalmonooxygenasecatalysis.Notethatoxalate
isapotentinhibitor(seeSectionVI),andthatthisreactionthusprogressivelydecreasesin
velocityasoxalateaccumulates.Forthisreasonthedeterminationofaclassicalturnover
numberforglyoxylateisnotpossible.
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in Scheme 7, and results in formation of a pair of radicals. Collapse of the unpaired electrons
in the radical pair will result in formation of a covalent bond (step d3). Step (dz), i.e., the
transfer of 1e- and 1H+ to the flavin also must obey certain mIes. First, there cannot be
transfer of H·, e.g., from the a-O-H, since the hydrogen ending up at N(5) of the flavin
originates from the substrate a-position, and will rest on the abstracting base (His-290, His­
254, and His-373 in lactate oxidase, glycollate oxidase, and cytochrome bz) at the stage of
the radical pair or of the covalent intermediate. Thus, formation of products via a putative
step (d2) must be either concerted with protonation of N(5) by histidine or will involve a
negative charge at the flavin N(5) as an intermediate (Scheme 7). This sequence contrasts
with the direct attack of the carbanion on the flavin as shown by step (b) to form the covalent
intermediate, a formal sequence which has 10 be followed by fragmentation, step (c), to
yield the same products.

As pointed out elsewhere,48,57 a differentiation between two sequences such as (b + c)
or (d1 + d3 + c) (covalent adduct mechanism) and (d1 + d2) (radical transfer mechanism)
might be very difficult if not impossible if steps (c) and (d2) are faster than the preceding
ones, as they are likely to be. A discussion of these alternatives follows in a later section.

In this context it is important to point out that reduction of the lactate oxidase flavin by
L-Iactate (R = CH3 in the substrate stmcture shown in Scheme 7) proceeds monophasically
to yield the conlplex of reduced enzyme and pyruvate. 6 Thus neither the biradical nor the
covalent species shown in Scheme 7 are observable reaction intennediates. Their lifetimes
must be either extremely short, or they might occur as transient species. While this is true
for the normal substrate, lactate, the reaction of lactate oxidase with glycollate, the lower
homologue, yields a drastically different picture, and indeed intermediates have been ob­
served and identified.

C. REACTIONS OF LACTATE OXIDASE WITH GLYCOLLATE
Glycollate is the simplest a-OH-carboxylic acid and the only one having two (equivalent,

but prochiral) a-hydrogens. Lactate oxidase recognizes glycollate as a substrate and it
catalyzes its oxidation in a fashion which is superficially similar, but in important details
significantly different from that observed with lactate. In view of the importance of this
reaction, which yields mechanistic information not obtainable with normal substrate, it will
be discussed in some detail.

1. Turnover of Glycollate by Lactate Oxidase
Glycollate undergoes a dehydrogenation and an oxidative decarboxylation in the presence

of oxygen, the main products being formate, CO2 , and water. In this respect its reaction is
analogous to that found with lactate and depicted in Scheme 1. However, and in contrast
to the reaction with lactate, there is some 20% uncoupling ofthe decarboxylative degradation
which yields glyoxylate and H20 2 as shown in Scheme 8. The turnover number for glycollate
is 66 to 70 min - 1 88 and is lowered to ---20 with a -dideuteroglycollate, yielding an isotope
effect of ---3.6, which is essentially the same as found for lactate/deuterolactate (Table 4).
The product of the uncoupled reaction, glyoxylate, probably in its hydrated form, is also a
good substrate, the rate of reduction of oxidized lactate oxidase being ---13 s-1, and the Kd

for formation of the Michaelis complex 0.05 M, i.e., closely similar to that found for lactate
(see earlier). The product of this reaction is oxalate, and lactate oxidase thus behaves in this
case as a true oxidase in contrast to the normal monooxygenase catalysis. Note that oxalate
is a potent inhibitor (see Section VI), and that this reaction thus progressively decreases in
velocity as oxalate accumulates. For this reason the determination of a classical turnover
number for glyoxylate is not possible.



272ChemistryandBiochemistryofFlavoenzymes

H2-C-COO­
I

OH~
..800k

O2

20%

H-COO-+CO2+H20

H-C-COO-+H202 11

°jO2

-OOC-COO-+H202

SCHEME8.Modesofturnoverofglycollateandformationofdifferentproducts.Notethepartial"uncoupling"
ofthereaction,whichleadstoformationofglyoxylate,which,inturn,canreactfurther,probablyinitshydrated
form,toyieldthefinalproductoxalate.(AdaptedfromMassey,V.,Ghisla,S.,andKieschke,K.,J.Biol.Chern.,
255,2796,1980.Withpermission.)

TADLE4
KineticConstantsEstimatedforthe

StepsInvolvedintheReactionof
LactateOxidasewithGlycollate

glycollate/([2-
2
H2]glycollate)

Temperature

Rateconstant

k_/k1

k2

k-2
k_/k3

k4+k12

k-4
k5

k6

k7

k_12

25°C

6.5.10-3

76min-1/(l7min-1)

13min-1/(l3min-1)

--1
:50.6min-1

fast
2.105M-lmin-1

900min-1

5.4.105M-lmin-1

0.035min-
1

O°C

1.8.10-3

6min-1

1min-1

0.001
mill-1

Thereactionsweremeasuredin0.01Mimidazole/HCI
buffer,pR7.0.

FromMassey,V.,Ghisla,S.,andKieschke,K.,J.
Biol.Chern.,255,2796,1980.Withpermission.

2.ProgressiveInactivationofLactateOxidaseDuringTurnoverwithGlycollate
Onestrikingpeculiarityoftheenzymatictumoverwithglycollateisaprogressivedecline

oftheenzymaticactivity.Itshouldbestressedthatthisisindependentofoxalateformation
fromglyoxylateviauncoupling,asdeducedfromtheobservationthattheinactivationalso
occursinthepresenceofhydroxylamine,whicheffectivelytrapsa-ketoacids.Theenzyme
is,however,notcompletelyinactivated,thusafteraprolongedperiod(20to30min)of
incubationundertumoverconditions,inactivationlevelsoff.Atthispointintheincubation
thereis""'96%inactiveand""'4%activeenzyme,andthiswasfoundtobeasteady-state
levelinwhichthetwoformsareinterconverted.Fromtherateofinactivation,ascompared
totumover,itwasestimatedthatfor300catalyticcycles,thereisoneeventofinactivation.88

272 Chemistry and Biochemistry 0/ Flavoenzymes

SCHEME 8. Modes of turnover of glycollate and formation of different products. Note the partial "uncoupling"
of the reaction, which leads to formation of glyoxylate, which, in turn, can react further, probably in its hydrated
form, to yield the final product oxalate. (Adapted from Massey, V., Ghisla, S., and Kieschke, K., J. Biol. Chern.,
255, 2796, 1980. With permission.)

TADLE 4
Kinetic Constants Estimated for the

Steps Involved in the Reaction of
Lactate Oxidase with Glycollate

glycollate/([2-2H2]glycollate)

Temperature

Rate constant

k_/k1

k2

k-2
k_/k3

k4 + k 12

k-4
k5

k6

k7

k_ 12

6.5.10- 3

76 min- 1/(l7 min- 1)

13 min- 1/(l3 min- 1)

--1
:50.6 min- 1

fast
2.105 M-l min- 1

900 min- 1

5.4.105 M-l min- 1

0.035 min- 1

1.8.10- 3

6 min- 1

1 min- 1

0.001
mill- 1

The reactions were measured in 0.01 M imidazole/HCI
buffer, pR 7.0.

From Massey, V., Ghisla, S., and Kieschke, K., J.
Biol. Chern., 255,2796, 1980. With permission.

2. Progressive Inactivation of Lactate Oxidase During Turnover with Glycollate
One striking peculiarity of the enzynlatic tumover with glycollate is a progressive decline

of the enzymatic activity. It should be stressed that this is independent of oxalate formation
from glyoxylate via uncoupling, as deduced from the observation that the inactivation also
occurs in the presence of hydroxylamine, which effectively traps a-keto acids. The enzyme
is, however, not completely inactivated, thus after a prolonged period (20 to 30 min) of
incubation under tumover conditions, inactivation levels off. At this point in the incubation
there is ""'96% inactive and ""'4% active enzyme, and this was found to be a steady-state
level in which the two forms are interconverted. From the rate of inactivation, as compared
to tumover, it was estimated that for 300 catalytic cycles, there is one event of inactivation. 88
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SCHEME9.Reactionsequencescatalyzedusingglycollateassubstrate.Thisschemeisessentiallyanamplification
ofthatdescribedinScheme1forL-Iactate.The"catalyticloop"describesthesequenceleadingtosubstrate
monooxygenation.Thelowerpartrepresentstheso-called"uncoupling"inwhichtheenzymebehavesasan
oxidase.Thereactionsdescribedinthesetwocyclesinvolveabstractionofthesubstrate"Re-hydrogen",which
correspondsstereochemicallytotheex-hydrogenofL-Iactate.The"inhibitionbranch"isderivedfromreactionof
theglycollate"Si-hydrogen".SeetextfordetailsandTable4fortheestimatedvaluesofthesinglerateconstants.
(AdaptedfromMassey,V.,Ghisla,S.,andKieschke,K.,J.Biol.ehern.,255,2796,1980.Withpermission.)

3.FormationofIntermediatesDuringTurnoverofGlyeollate
Amaindifferencebetweenthelactateandglycollatereductivehalf-reactionsisthatin

theformercasealongwavelengthabsorbingspeciesisformedimmediatelyuponmixing
ofthereactants,whichisabsentwithglycollate(seeFigure2).Insteadtwohighlyfluorescent
speciesareformed,whichcanbedifferentiatedspectrallyfromuncomplexedreducedlactate
oxidase.Thesefluorescentspecieseventuallydecaytoformreduceduncomplexedlactate
oxidasewithaverylonghalf-lifeof---50minat25°Cunderanaerobicconditions.88One
ofthefluorescentspeciesislabileanddoesformoxidizedlactateoxidaseveryrapidlyupon
admissionofair.Thesecond,incontrast,iscomparativelyverystableandcanbeisolated
freeofsubstrateorproductsbygelfiltrationat0to4°C.Itisidenticalwithametastable
speciesformeduponirradiationofthelactateoxidase-tartronatecomplexandalsowitha
specieswhichcanbeobtainedfromreducedlactateoxidaseandglyoxylate.

44
,88

Furthermore,conditionsweredevisedwhichallowtheaccumulationofthestablespecies
asamajorcomponentanditsisolationandstudy.Formationandaccumulationofthisspecies,
whichisnotcatalyticallyactive,isthecauseofprogressiveinactivationoftheenzyme
referredtoearlier.Thekineticpropertiesofthelabilespecies,ontheotherhand,aresuch
thatitcanbecompetentincatalysis.Thekineticbehaviorofthelactateoxidaseglycollate
couplehasbeenslunmarizedinScheme9,andthesinglerateconstantsarelistedinTable
4.Intheso-calledcatalyticloop,glycollateistumedoververymuchthesamewayas
lactate,thedifferencebeingtheoccurrenceofthelabilefluorescentspeciesonthepathway,
anintermediatewhichcannotbeobservedwithlactate.

4.ReaetionofEitherthe"Reorthe"SiofGlyeollate,FormationofIsomerie
Adduets
Asalreadymentionedearlier,withglycollate,incontrasttolactate,therearetwoa-C- Volume 11 273

"Inhibition branch JJ

CH2-C02
8

I H20+C02

HC0
2
6 Eox CH-C02

H20 2

(uncoupling )

Ered -Adduct1 (R-Adduct)

o

SCHEME 9. Reaction sequences catalyzed using glycollate as substrate. This scheme is essentially an amplification
of that described in Scheme 1 for L-lactate. The "catalytic loop" describes the sequence leading to substrate
monooxygenation. The lower part represents the so-called "uncoupling" in which the enzyme behaves as an
oxidase. The reactions described in these two cycles involve abstraction of the substrate "Re-hydrogen", which
corresponds stereochemically to the <x-hydrogen of L-lactate. The "inhibition branch" is derived from reaction of
the glycollate "Si-hydrogen". See text for details and Table 4 for the estimated values of the single rate constants.
(Adapted from Massey, V., Ghisla, S., and Kieschke, K., J. Biol. ehern., 255, 2796, 1980. With permission.)

3. Formation of Intermediates During Turnover of Glyeollate
A main difference between the lactate and glycollate reductive half-reactions is that in

the former case a long wavelength absorbing species is formed immediately upon mixing
ofthe reactants, which is absent with glycollate (see Figure 2). Instead two highly fluorescent
species are formed, which can be differentiated spectrally fronl uncomplexed reduced lactate
oxidase. These fluorescent species eventually decay to form reduced uncomplexed lactate
oxidase with a very long half-life of ---50 min at 25°C under anaerobic conditions. 88 One
of the fluorescent species is labile and does form oxidized lactate oxidase very rapidly upon
admission of air. The second, in contrast, is comparatively very stable and can be isolated
free of substrate or products by gel filtration at 0 to 4°C. It is identical with a metastable
species formed upon irradiation of the lactate oxidase-tartronate complex and also with a
species which can be obtained from reduced lactate oxidase and glyoxylate. 44 ,88

Furthermore, conditions were devised which allow the accumulation of the stable species
as a major component and its isolation and study. Formation and accumulation of this species,
which is not catalytically active, is the cause of progressive inactivation of the enzyme
referred to earlier. The kinetic properties of the labile species, on the other hand, are such
that it can be competent in catalysis. The kinetic behavior of the lactate oxidase glycollate
couple has been slunmarized in Scheme 9, and the single rate constants are listed in Table
4. In the so-called catalytic loop, glycollate is tumed over very nluch the same way as
lactate, the difference being the occurrence of the labile fluorescent species on the pathway,
an intermediate which cannot be observed with lactate.

4. Reaetion of Either the HRe or the HSi of Glyeollate, Formation of Isomerie
Adduets
As already mentioned earlier, with glycollate, in contrast to lactate, there are two a-C-



274ChemistryandBiochemistry01Flavoenzymes

HR•
I

LO-Flox+HO-C-COO·~LO-FlredH·+O=C-COO·~Products
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HSi~HSi~
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JtOH
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LO-Flred(N5)-C-COO-
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SCHEME10.Possiblefonnationofthecovalentadductbetweenglycollateandtheflavinoccurringinaside
reaction.

J
H~OH

I\~ LO-Flox+HO-C-COO·~LO-Flred(N5)-C-COO·LO-FlredH-+O=C-COO·
III
HSiHReHRe

SCHEME11.Pathwayoffonnationanddecayofthestable"S-Adduct"fromlactateoxidaseandglycollate.

Hbondswhichcanbeoxidized.LactateoxidaseisselectivefortheRe-hydrogenofglycollate,
theonewhichcorrespondstothatinL-Iactate.TheSi-hydrogenisalsoactedupon,albeit
atarateapproximately1%thatobservedwiththeRe-hydrogen.Thesedeductionswere
arrivedatusingselectivelyR-orS-,tritium-anddeuterium-Iabeledglycollates.

88
The

intermediatefluorescentspeciesreferredtointheprevioussectionswerefoundtobeN(5)
covalentadductsofglycollatetoreduced1,5-dihydroflavin.Theyarederivedfromreaction
ofglycollateinvolvingbreakingofeitherthea-C-HRe,orthea-C-HSibonds(seeFigure
10).44Thetwoadductsaremarkedlydifferentintheirproperties.

The"labile"adductisidenticalwithAdduct}ofScheme9andwiththeso-called"R­
Adduct"discussedinReferences44and88.Itisinasufficientlyrapidequilibriumwith
bothglycollateandglyoxylatetobeakineticallyviableintermediate,andthusthesuggestion
thatdehydrogenationofglycollateproceedsviaacovalentflavinN(5)-adductwasconsidered.
Itshouldbepointedout,however,thatthekineticparametersdeterminedforformationand
decayoftheR-Adductarenotsufficientforansweringthequestionwhetheritisonthe
reactionpathwayasshowninFigure10AbeloworinasideequilibriumasshowninScheme
10.

Thesecondintermediatehasbeenproposedtoresultfromabstractionofthesubstrate
a-HSiandsubsequentadditionoftheglycollylcarbaniontotheenzymeflavinpositionN(5)
(cf.FigurelOB).Itshouldbenotedthatthestereochemistryofa-HSicorrespondstothat
ofthemethylgroupofD-Iactate,andthatthelaUerisnotasubstratebutaninhibitorof
lactateoxidasetowhichitbindswithaKd=10-

3
M,whichisapproximatelyoneorderof

magnitudelowerthanthatforL-Iactate(cf.TableI}.Thisadducthasbeentermed"Adduct2"

(cf.Figure7)or"S-Adduct".89

Itissufficientlystabletobeisolatedandcharacterizedinitssalientphysicochemical
andkineticfeatures.Itsmostimportantpropertyisitsbeinginaslowequilibriumwith
glycollate,butnotwithglyoxylate.Thatmeansitdoesnotdecaytothereducedenzyme­
flavin-glyoxylatecomplex,asdoesthe"R-Adduct",norisitformedfromit,asonemight
haveexpectedfromchemicalconsiderations(Scheme11).

Thereforethisstable"S-Adduct"mustbeformeddirectlyfromglycollateandoxidized
lactateoxidaseasshowninFigurelOB.Thisisamostimportantdeductionsinceitessentially
impliesthatreactionofglycollatemustbeinitiatedbyabstractionoftheHschydrogen.
Duringformationanddecayofthisadduct,thehydrogeninvolved(HsJapparentlydoesnot
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HRe
I

LO-Flox + HO-?-COO- ~ LO-FlredH- + O=?-COO- ~ Products

HSi \. HSi ~
Y

Jt OH
8 I

LO-Flred (N5)-C-COO­
I

Hsi

SCHEME 10. Possible fonnation of the covalent adduct between glycollate and the tlavin occurring in a side
reaction.

H~ OH

LO-Flox + Ho-6-coo- ~ LO-FI,8d(N5l-d-coO-VLO-FlredH- + O=C-COO·
I I ~ I

HSi HRe HRe

SCHEME 11. Pathway of fonnation and decay of the stable "S-Adduct" from lactate oxidase and glycollate.

H bonds which can be oxidized. Lactate oxidase is selective for the Re-hydrogen of glycollate,
the one which corresponds to that in L-Iactate. The Si-hydrogen is also acted upon, albeit
at a rate approximately 1% that observed with the Re-hydrogen. These deductions were
arrived at using selectively R- or S-, tritium- and deuterium-Iabeled glycollates. 88 The
intermediate fluorescent species referred to in the previous sections were found to be N(5)
covalent adducts of glycollate to reduced 1,5-dihydroflavin. They are derived from reaction
of glycollate involving breaking of either the a-C-HRe , or the a-C-HSi bonds (see Figure
10).44 The two adducts are markedly different in their properties.

The "labile" adduct is identical with Adduct1 of Scheme 9 and with the so-called "R­
Adduct" discussed in References 44 and 88. It is in a sufficiently rapid equilibrium with
both glycollate and glyoxylate to be a kinetically viable intermediate, and thus the suggestion
that dehydrogenation of glycollate proceeds via a covalent flavin N(5)-adduct was considered.
It should be pointed out, however, that the kinetic parameters determined for formation and
decay of the R-Adduct are not sufficient for answering the question whether it is on the
reaction pathway as shown in Figure 10A below or in a side equilibrium as shown in Scheme
10.

The second intermediate has been proposed to result from abstraction of the substrate
a-HSi and subsequent addition of the glycollyl carbanion to the enzyme flavin position N(5)
(cf. Figure lOB). It should be noted that the stereochemistry of a-HSi corresponds to that
of the methyl group of D-Iactate, and that the laUer is not a substrate but an inhibitor of
lactate oxidase to which it binds with a Kd = 10- 3M, which is approximately one order of
magnitude lower than that for L-Iactate (cf. Table I). This adduct has been termed "Adduct2 "

(cf. Figure 7) or "S-Adduct". 89

It is sufficiently stable to be isolated and characterized in its salient physicochemical
and kinetic features. Its most important property is its being in a slow equilibrium with
glycollate, but not with glyoxylate. That means it does not decay to the reduced enzyme­
flavin-glyoxylate complex, as does the "R-Adduct", nor is it formed from it, as one might
have expected from chemical considerations (Scheme 11).

Therefore this stable "S-Adduct" must be formed directly from glycollate and oxidized
lactate oxidase as shown in Figure lOB. This is a most important deduction since it essentially
implies that reaction of glycollate must be initiated by abstraction of the Hsi-hydrogen.
During formation and decay of this adduct, the hydrogen involved (HSi) apparently does not
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FIGURES lOA and lOB. Mechanisms proposed for the formation of the two covalent adducts from glycollate.
The top half of both figures outlines the chemical events thought to lead to formation of the adducts. In the first
step glycollate binds to the active center primarily via the interaction of its carboxylate to Arg-293 and Tyr-44.
However two stereomeric Michaelis complexes are formed, which are different with respect to the orientation of
the three a-substituents (compare top left structures in Figures lOA and lOB). In these complexes His-290 attacks
either HRe (Figure lOA) or HSi (Figure lOB) to form the (transient) carbanions shown, which in turn add to the
flavin N(5) position to yield the diastereomeric adducts. The bottom half of the figures depicts the postulated
interaction of the two adducts with the active center functions. In the "R-Adduct" (Figure lOA), an interaction
is formulated between Tyr-152 and the a-OH, which promotes the fragmentation of the adduct to yield the complex
of reduced enzyme and glyoxylate. Such an interaction might not be possible in the case of the "S-Adduct" (Figure
lOB, lower panel), thus rendering impossible its decay to form the products. Oxygen reaction or dissociation of
the reduced enzyme glyoxylate complex (Figure lOA, center left) leads to the final products (not shown).
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exchangewithsolvent,inlinewiththeassumedshieldingoftheactivesitefromsolvent.
ThisfollowsfromtheobservationthatdecayoftheS-Adductexhibitsanisotopeeffect,
Le.,thattheabstractedHSifromglycollateremainsboundtoanactivecenterbasepriorto
retransfertotheglycollateskeleton.

Interestingly,thephotoreactionoftheoxidizedenzyme-tartronatecomplexalsoleads
toformationofthestableS-Adduct,andduringthisreaction,thea-hydrogenoftartronate
isretainedintheS-AdductattheRe-position.

44

Amolecularinterpretationofthereactionsofglycollateandtheirdifferencescanbe
attemptedinviewoftheinformationavailablefromthededucedthree-dimensionalstructure.
ThisisdonewiththesequencesofFigures10AandlOB.Figure10Acorrespondstothe
reductionhalf-reactionsofthe"catalyticloop"andFigurelOBtothe"inhibitionbranch"
ofScheme9.
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FIGURE lOB.

exchange with solvent, in line with the assumed shielding of the active site from solvent.
This follows from the observation that decay of the S-Adduct exhibits an isotope effect,
Le., that the abstracted HSi from glycollate remains bound to an active center base prior to
retransfer to the glycollate skeleton.

Interestingly, the photoreaction of the oxidized enzyme-tartronate complex also leads
to formation of the stable S-Adduct, and during this reaction, the a-hydrogen of tartronate
is retained in the S-Adduct at the Re-position. 44

A molecular interpretation of the reactions of glycollate and their differences can be
attempted in view of the information available from the deduced three-dimensional structure.
This is done with the sequences of Figures 10A and lOB. Figure 10A corresponds to the
reduction half-reactions of the "catalytic loop" and Figure lOB to the "inhibition branch"
of Scheme 9.
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Thegeneraloutlineofthetwofiguresisidentical,withthedifferencethatglycollatefirst
formstwodiastereomericMichaeliscomplexesinfullaccordancewiththerapidreaction
studiesdetailedelsewhere.88ByanalogywiththekineticbehaviorofD,L-lactate,itistempting
tospeculatethatthe"Si-Michaeliscomplex"(FigurelOB)isthermodynamicallymore
stable,ascomparedtothe"Re-one",althoughitsrateofformationmightbeslower.In
thetwoMichaeliscomplexes,eithertheHReortheHSihydrogensofglycollatefacethe
sameactivecenterbase,whichisproposedtobeHis-290,andwhichinducestheirabstraction
asprotons.Thecarbanionicspeciesformedfromthissteprelaxesinbothcasesbynucleo­
philicadditiontotheoxidizedflavinN(5)position,thisreactionbeingfacilitatedbythe
presenceofLys-266,whichstabilizestheincomingnegativechargeonN(l).Thecrucial
pointinthiscontextistherationalizationofthedifferentstabilityorreactivityofthetwo
covalentadducts.Forthis,atthetimetheoriginalworkwaspublished,thehypothesiswas
putforwardthatthea-OHfunctionsofthetwoadductswouldbelocatedin"different
chemicalenvironments",whichwouldaffectthesubsequentfragmentationtoyieldreduced
enzymeflavinandglyoxylate.Thedeductions,whichcanbemadefromthethree-dimen­
sionalstructure,provideaniceconfirmationoftheoriginalassumption.InFigures10Aand
lOB,whichhavebeenderivedfromtheactivecentertopographyofcytochromeb2

36
,90and

glycollateoxidase,37thepostulatedreactionsandinteractionsofthetwocovalentadducts
arecompared.

Thismechanismassumesthatforthedecayoftheadduct,Tyr-152playsarolein
acidifyingthea-OHandispartofachargerelaysystem,whichtransfersthea-hydroxyl
hydrogenasH+toastillunidentifiedfunctionortothesolvent.InthecaseoftheS-Adduct
(FigurelOB),thishydrogenbridgeinvolvingTyr-152andthea-OHmostlikelyisabsent.
Thea-OHfunctionofanS-Adductshouldbelocatedatthepositionwhichnormallywould
beoccupiedbythelactatemethylgroup.Thesepicturesandcomparisonofthereactivities
suggestthatremovaloftheprotonfroma-OHisnotamarginalstepincatalysisandthat
Tyr-152playsanactiverole.

Finally,wehaveputforwardthehypothesis
44

thattheR-Adductliesonthecatalytic
pathwayforthedehydrogenationofglycollateasshowninFigure10Aandincontrastto
thealternatemechanismofScheme10,whichwouldrelegateittoafastsideequilibrium.
ThisisbasedonthereasonableassumptionthatthechemistryofformationoftheR-Adduct
isthesameasfortheS-Adduct.

D.COMMENTSONTHESTABILITYOFACOVALENTADDUCTINTHE
CASEOFGLYCOLLATEDEHYDROGENATIONANDITSAPPARENT
ABSENCEDURINGLACTATEDEHYDROGENATIONBYLACTATE
OXIDASEANDTHEABSENCEOFCOVALENTSPECIESDURING
CATALYSISBYGLYCOLLATEOXIDASEANDFLAVOCYTOCHROMEb2

Thefirsthypotheticalrationalizationcomingtomindforthisdifferenceinmechanistic
behavioristheassulnptionthatacovalentadductoccursinallcases,butthatitsstability
variesdrasticallyanddependsonthemagnitudeoftheratesofdecayascomparedtothose
offormation.Asecondhypothesiswouldassumetheoccurrenceofdifferentmechanisms
dependingontheenzymeandonthesubstrate(i.e.,lactateoxidase/glycollatevs.lactate
oxidase,glycollateoxidase,andflavocytochromeb2withallothersubstrates).Aspointed
outearlier,theclosesimilarityoftheactivesitesoflactateoxidase,glycollateoxidase,and
flavocytochromeb2provideabigtemptationwithrespecttothedrawingofmechanistic
analogies.Thefindingofsubstantiallydifferentreactivitieswithoxygen,however,should
cautionusthatapparentsimilaritiesmighthideimportantdifferences.Nevertheless,asalso
discussedbyothers(seeChapter7),itappearsclearthatatleastwithseveralsubstratesand
analogslikelactate,a-hydroxybutynoicacid,andß-halogenated-a-OH-acids,thesamebasic
typeofcatalysisoccurs.Wethusthinkitisunlikelythattheinterchangeofanonreactive Volume 11 277

The general outline of the two figures is identical, with the difference that glycollate first
forms two diastereomeric Michaelis complexes in full accordance with the rapid reaction
studies detailed elsewhere. 88 By analogy with the kinetic behavior ofD,L-lactate, it is tempting
to speculate that the "Si-Michaelis complex" (Figure lOB) is thennodynamically more
stable, as compared to the "Re-one", although its rate of fonnation might be slower. In
the two Michaelis complexes, either the HRe or the HSi hydrogens of glycollate face the
same active center base, which is proposed to be His-290, and which induces their abstraction
as protons. The carbanionic species fonned from this step relaxes in both cases by nucleo­
philic addition to the oxidized flavin N(5) position, this reaction being facilitated by the
presence of Lys-266, which stabilizes the incoming negative charge on N(l). The crucial
point in this context is the rationalization of the different stability or reactivity of the two
covalent adducts. For this, at the time the original work was published, the hypothesis was
put forward that the a-OH functions of the two adducts would be located in "different
chemical environments", which would affect the subsequent fragmentation to yield reduced
enzyme flavin and glyoxylate. The deductions, which can be made from the three-dimen­
sional structure, provide a nice confinnation of the original assumption. In Figures 10A and
lOB, which have been derived from the active center topography of cytochrome b2

36
,90 and

glycollate oxidase,37 the postulated reactions and interactions of the two covalent adducts
are compared.

This mechanism assumes that for the decay of the adduct, Tyr-152 plays a role in
acidifying the a-OH and is part of acharge relay system, which transfers the a-hydroxyl
hydrogen as H + to a still unidentified function or to the solvent. In the case of the S-Adduct
(Figure lOB), this hydrogen bridge involving Tyr-152 and the a-OH most likely is absent.
The a-OH function of an S-Adduct should be located at the position which nonnally would
be occupied by the lactate methyl group. These pictures and comparison of the reactivities
suggest that removal of the proton from a-OH is not a marginal step in catalysis and that
Tyr-152 plays an active role.

Finally, we have put forward the hypothesis44 that the R-Adduct lies on the catalytic
pathway for the dehydrogenation of glycollate as shown in Figure 10A and in contrast to
the alternate mechanism of Scheme 10, which would relegate it to a fast side equilibrium.
This is based on the reasonable assumption that the chemistry of formation of the R-Adduct
is the same as for the S-Adduct.

D. COMMENTS ON THE STABILITY OF A COVALENT ADDUCT IN THE
CASE OF GLYCOLLATE DEHYDROGENATION AND ITS APPARENT
ABSENCE DURING LACTATE DEHYDROGENATION BY LACTATE
OXIDASE AND THE ABSENCE OF COVALENT SPECIES DURING
CATALYSIS BY GLYCOLLATE OXIDASE AND FLAVOCYTOCHROME b2

The first hypothetical rationalization coming to mind for this difference in mechanistic
behavior is the assulnption that a covalent adduct occurs in all cases, but that its stability
varies drastically and depends on the magnitude of the rates of decay as compared to those
of fonnation. A second hypothesis would assume the occurrence of different mechanisms
depending on the enzyme and on the substrate (i.e., lactate oxidase/glycollate vs. lactate
oxidase, glycollate oxidase, and flavocytochrome b2 with all other substrates). As pointed
out earlier, the close similarity of the active sites of lactate oxidase, glycollate oxidase, and
flavocytochrome b2 provide a big temptation with respect to the drawing of mechanistic
analogies. The finding of substantially different reactivities with oxygen, however, should
caution us that apparent similarities might hide important differences. Nevertheless, as also
discussed by others (see Chapter 7), it appears clear that at least with several substrates and
analogs like lactate, a-hydroxybutynoic acid, and ß-halogenated-a-OH-acids, the same basic
type of catalysis occurs. We thus think it is unlikely that the interchange of a nonreactive
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FIGURE11.Schematic"side-view"oftheactivecenteroflactateoxidaseandstericinteractionsofthesubstrate
(X-substituent(R)withtheaminoaciddosesttopositionN(5)oftheflavin.Thisfigurewasobtainedfromrotation
ofanactivecenterdiagramsuchasthatofFigure9andsimplificationbyomissionofproteinchainfragmentsand
functionalgroups.

substituentsuchas-CHiHwillcompletelyalterthemechanismofdehydrogenation.Such
asubstitutionmight,however,haveprofoundeffectsonsingleratesandonthethermo­
dynamicsofintermediatesandtransitionstates.

Alongthisline,therearetwomaindifferencesbetweenglycollateandlactate:(1)the
differenceinredoxpotential(-90vs.-185mV),which,apriori,cannotbeexcludedto
besufficienttoinduceaswitchinmechanisms;and(2)differencesofstericrequirements.
Thecatalyticcavityoflactateoxidasecanaccommodatealargevarietyofa-substituents
(seeTable1).Ontheotherhand,verysubtleeffectshavebeenobserved,e.g.,inthecase
ofcytochromeb2,91theapoenzymeofwhichdoesnotbindtheanalogI-deaza-FMN.This
suggeststhatthedifferencebetweentheN(1)Sp2freeelectronpairofnormalflavinas
comparedtotheC(I)-Hfunctionoftheanalog,which,atleaststerically,shouldbeindeed
aminorone,issufficienttoinducesuchalargeeffect.

Itisthusconceivablethatasimilar(steric)effectisattheoriginofthedifferentproperties
ofputativeintermediatesinflavocytochromeb2•Thegroupsclosesttothea-CH3oflactate
inacomplexprecedingcarbanionformationaretheflavinN(5)andthe-CH3ofAla-198
(3.3to3.5Ä).90Inthecaseoflactateoxidase,however,insteadofalaninewefindGly­
99,whichclearlyislessstericallydemanding(seeTable3).Whilethismightalsohaveto
dowiththeoxygenreactivityofthereducedenzyme-pyruvatecomplexasdiscussedfurther,
itcouldweIlaffectthestabilityofanN(5)covalentadduct.ThisisillustratedinFigure11.

FromthestericinteractionstobededucedfromFigure11,wethinkitislegitimateto
speculatethatinthecaseoflactateoxidase,thereisagreatersterictolerancearoundN(5)
thaninflavocytochromeb2•This,combinedwiththesmallerstericrequirementsof-Has
thea-substituentRvs.-CH3,mightbethecrucialfactorincreasingthestabilityofthe
covalentintermediate.Thehigherelectrophilicityofglyoxylatemightbethesecondfactor
ofimportance.Infact,glyoxylateexistsmainlyinitshydratedformasopposedtopyruvate.
Earliermodelworkwithfreeflavinsconfirmsthedifferencesinstabilityofreducedflavin
N(5)adductsdependingonthesubstituentsofacarbonylfunction.Thus,withformaldehyde,
N(5)adductsareindeedformed,whileanadditionalmethylgroup,asinacetaldehyde,
preventsdirectlyobservableformation.92-94

Thus,stericeffectsinlactateoxidase,combinedwiththeconsiderablyhigherelectro­
philicityofglyoxylateascomparedtopyruvate,mightbesufficienttoaccountforthe278 Chemistry and Biochemistry 0/ Flavoenzymes

FIGURE 11. Schematic "side-view" of the active center of lactate oxidase and steric interactions of the substrate
(X-substituent (R) with the amino acid dosest to position N(5) of the flavin. This figure was obtained from rotation
of an active center diagram such as that of Figure 9 and simplification by omission of protein chain fragments and
functional groups.

substituent such as - CHiH will completely alter the mechanism of dehydrogenation. Such
a substitution might, however, have profound effects on single rates and on the thermo­
dynamics of intermediates and transition states.

Along this line, there are two main differences between glycollate and lactate: (1) the
difference in redox potential (-90 vs. -185 mV), which, apriori, cannot be excluded to
be sufficient to induce a switch in mechanisms; and (2) differences of steric requirements.
The catalytic cavity of lactate oxidase can accommodate a large variety of a-substituents
(see Table 1). On the other hand, very subtle effects have been observed, e.g., in the case
of cytochrome b2 ,91 the apoenzyme of which does not bind the analog I-deaza-FMN. This
suggests that the difference between the N(1) Sp2 free electron pair of normal flavin as
compared to the C(I)-H function of the analog, which, at least sterically, should be indeed
a minor one, is sufficient to induce such a large effect.

It is thus conceivable that a similar (steric) effect is at the origin of the different properties
of putative intermediates in flavocytochrome b2 • The groups closest to the a-CH3 of lactate
in a complex preceding carbanion formation are the flavin N(5) and the -CH3 of Ala-198
(3.3 to 3.5 Ä).90 In the case of lactate oxidase, however, instead of alanine we find Gly­
99, which clearly is less sterically demanding (see Table 3). While this might also have to
do with the oxygen reactivity of the reduced enzyme-pyruvate complex as discussed further ,
it could weIl affect the stability of an N(5) covalent adduct. This is illustrated in Figure 11.

From the steric interactions to be deduced from Figure 11, we think it is legitimate to
speculate that in the case of lactate oxidase, there is a greater steric tolerance around N(5)
than in flavocytochrome b2 • This, combined with the smaller steric requirements of - H as
the a -substituent R vs. - CH3 , might be the crucial factor increasing the stability of the
covalent intermediate. The higher electrophilicity of glyoxylate might be the second factor
of importance. In fact, glyoxylate exists mainly in its hydrated form as opposed to pyruvate.
Earlier model work with free flavins confirms the differences in stability of reduced flavin
N(5) adducts depending on the substituents of a carbonyl function. Thus, with formaldehyde,
N(5) adducts are indeed formed, while an additional methyl group, as in acetaldehyde,
prevents directly observable formation. 92-94

Thus, steric effects in lactate oxidase, combined with the considerably higher electro­
philicity of glyoxylate as compared to pyruvate, might be sufficient to account for the
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differenceinstabilityofaglycollyladductascomparedtoaputativelactoylone.However,
itshouldbepointedoutthatalthoughglycollateoxidase,likeflavocytochromeb2,hasan
alanineresidueattheanalogouspositionoccupiedbyglycineinlactateoxidase,thecrystal
structureshowsthatitspeptideNatomis5.2ÄfromtheflavinN(5)-positionandthata
watermoleculeispositionedclosetothispartoftheflavin.37Whileitisconceivablethat
thisgeometryisalteredinacomplex.withsubstrateand/orinthecaseofacovalentadduct,
thisshouldserveasawamingagainsttoomuchextrapolationfromproteinsequenceho­
mology,whichwhileimpressive,canobviouslystillpermitsignificantlydifferentpeptide
chainfolding.

E.ONTUEFEASIBILITYOFSINGLEE-TRANSFERSTEPSAND
COMPARISONWITUCOVALENTCATALYSIS
AbasicdiscussionofthisproblemhasbeenpresentedbyBruice

86
andalsobyourselves;57

itisessentiallyanextensionofthediscussionintroducedearlierinthecontextofthemode
oftransferofredoxequivalentsasdepictedinScheme7andrevolvesaboutthedifferentiation
betweena"radicalmechanism",essentiallysteps(d1)+(d3)(Scheme7)and"covalent
catalysis"(steps[b]+[clor[d1]+[d3]+[cl).Thereappearstobeagreementthatina
complexofana-carbanionwithoxidizedflavin(seeScheme7),thefastesteventmightbe
thereversibletransferofle-(stepd1).Steps(b)and(d3)aresimilar.Thestartingspecies,
oxidizedflavinandtheflavinradicalanion,areplanarandalsothestructureofsubstrate
a-radicalanda-carbanionarelikelytobesimilar,sinceinthelatter,chargedelocalization
willoccur(seefurther).Thus,bothpathwayswillberestrictedbythesamestericfactors
inherenttothestructureoftheadduct(seeFigure11).Thiswouldmeanthatthepathways
(b)and(d1)+(d3)mightindeedhaveverysimilarenergeticprofilesandthattheycanbe
viewedasbeingequivalentatfirstapproximation,the[FI·--..;·C-]complexbeingatransient
onthewaytothecovalentadduct.

Ina"radicalmechanism",thestep(d2),whichcanfollow(d1),hassomeunderlying
restrictionsofadifferentnature:transferofle-willformaflavinN(5)anion.Recognition
ofthiswasprobablywhatinducedUrbanandLederer

98
toproposethisspeciesasan

(observable)intermediate.Aswillbediscussedlater,weconsiderthisintermediatetobe
mostunlikely.Avoidingthisintermediateinaradicalmechanismrequirestheconcomitant
transferofle-andoneofH+totheflavinN(5).ThismustbetheHis-290H+proton,which
originatesfromthesubstratea-C.Suchastepcannotbeexcluded,buthasapparendynot
beenconsideredtobeanobviousonebythesameauthors.

98
Furthermore,eithersimulta­

neouslyorsubsequently,transferofthea-OHprotonofthelactoylradicalto(presumably)
solventortoanappropriatebase,possiblyviaTyr-152(cytochromeb2Y-254)(seeFigure
10),alsomusttakeplace.Inanyevent,oneexperimentalobservation,whichisveryclear,
shouldbestressedagaininthiscontext:boththecovalentadductandtheradicalpaircomplex
(Scheme7)canbeonlytransientspecieswhenlactateisasubstratesinceneitherhasever
beenobserved.

Thedifferencebetweenformationofacovalentbondande-transfersteps(d1+d2)

islikelytodependonthemodeofapproachandthedistance,asweIlastheorientationof
thetworadicalsinthecomplex[Fr--..;·C-](right-handside,Scheme7).Toformacovalent
bond(e.g.,instepd3),theirhalfoccupiedorbitalsmusthavethecorrectorientationanda
sufficientoverlap.Forthetransferofthesecondsingleelectron(step[d2]),electronic
restrictionsmightbecomparativelylessstringent;however,thereistherequirementofthe
simultaneousH+transferfromHis-290totheflavinN(5),whichalsorequiresproper
alignmentoforbitals.ThedistancebetweentheflavinN(5)anda-Cof(planar)pyruvateis
--3.7Äincytochromeb2(complexofflavinradicalanionandpyruvate;Chapter7);this
isfavorableforsingleelectrontransfer.Ontheotherhand,conversionofplanarpyruvate
tothepyramidalglycollylskeletonwillbringthea-CclosertoN(5)byabout0.5Ä,Le., Volume 11 279

difference in stability of a glycollyl adduct as compared to a putative lactoyl one. However,
it should be pointed out that although glycollate oxidase, like flavocytochrome b2 , has an
alanine residue at the analogous position occupied by glycine in lactate oxidase, the crystal
structure shows that its peptide N atom is 5.2 A from the flavin N(5)-position and that a
water molecule is positioned close to this part of the flavin. 37 While it is conceivable that
this geometry is altered in a complex with substrate and/or in the case of a covalent adduct,
this should serve as a waming against too much extrapolation from protein sequence ho­
mology, which while impressive, can obviously still permit significantly different peptide
chain folding.

E. ON TUE FEASIBILITY OF SINGLE E - TRANSFER STEPS AND
COMPARISON WITU COVALENT CATALYSIS
A basic discussion of this problem has been presented by Bruice86 and also by ourselves;57

it is essentially an extension of the discussion introduced earlier in the context of the mode
of transfer of redox equivalents as depicted in Scheme 7 and revolves about the differentiation
between a "radical mechanism", essentially steps (d}) + (d3) (Scheme 7) and "covalent
catalysis" (steps [b] + [cl or [d1] + [d3] + [cl). There appears to be agreement that in a
complex of an a-carbanion with oxidized flavin (see Scheme 7), the fastest event might be
the reversible transfer of le- (step d}). Steps (b) and (d3) are similar. The starting species,
oxidized flavin and the flavin radical anion, are planar and also the structure of substrate
a-radical and a-carbanion are likely to be similar, since in the latter, charge delocalization
will occur (see further). Thus, both pathways will be restricted by the same steric factors
inherent to the structure of the adduct (see Figure 11). This would mean that the pathways
(b) and (d}) + (d3) might indeed have very similar energetic profiles and that they can be
viewed as being equivalent at first approximation, the [FI· - '- ·C-] complex being a transient
on the way to the covalent adduct.

In a "radical mechanism", the step (d2), which can follow (d}), has some underlying
restrictions of a different nature: transfer of le - will form a flavin N(5) anion. Recognition
of this was probably what induced Urban and Lederer98 to propose this species as an
(observable) intermediate. As will be discussed later, we consider this intermediate to be
most unlikely. Avoiding this intermediate in a radical mechanism requires the concomitant
transfer of le- and one of H+ to the flavin N(5). This must be the l-lis-290H+ proton, which
originates from the substrate a-C. Such a step cannot be excluded, but has apparently not
been considered to be an obvious one by the same authors. 98 Furthermore, either simulta­
neously or subsequently, transfer of the a-OH proton of the lactoyl radical to (presumably)
solvent or to an appropriate base, possibly via Tyr-152 (cytochrome b2 Y-254) (see Figure
10), also must take place. In any event, one experimental observation, which is very clear,
should be stressed again in this context: both the covalent adduct and the radical pair complex
(Scheme 7) can be only transient species when lactate is a substrate since neither has ever
been observed.

The difference between formation of a covalent bond and e- transfer steps (d} + d2)

is likely to depend on the mode of approach and the distance, as weIl as the orientation of
the two radicals in the complex [Fr - '- ·C-] (right-hand side, Scheme 7). To form a covalent
bond (e.g., in step d3), their half occupied orbitals must have the correct orientation and a
sufficient overlap. For the transfer of the second single electron (step [d2]), electronic
restrictions might be comparatively less stringent; however, there is the requirement of the
simultaneous H+ transfer from His-290 to the flavin N(5), which also requires proper
alignment of orbitals. The distance between the flavin N(5) and a-C of (planar) pyruvate is
'-3.7 A in cytochrome b2 (complex of flavin radical anion and pyruvate; Chapter 7); this
is favorable for single electron transfer. On the other hand, conversion of planar pyruvate
to the pyramidal glycollyl skeleton will bring the a-C closer to N(5) by about 0.5 Ä, Le.,
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towardsdistances(---3A)whereorbitaloverlap(i.e.,bondformation)willstarttobecome
important.Thiscovalentbondformationmightnotreachcompletionifthesubsequentstep,
whichalsoinvolvesprotonationoftheflavinN(5)byHis-290H+,ensuesrapidly.

Inouropinion,inthecaseofglycollate,whichisanalternatesubstrate,thecovalent
intermediateobservedisa"true"catalyticintermediate.Withlactate,thenormalsubstrate,
itsrelativeenergymightbemuchhigherforthereasonsdiscussedearlier,oritmig:1tbe
viewedasatransitionstateinwhichthecovalentbondisformedonlypartially.Oneshould
keepinmindthatoptimizationofcatalysiswouldnotfavortheoccurrenceof"verystable
intermediates''.Alongthisspeculativeline,onecouldhypothesizethatnaturehasfavored
theGly-99->Ala-79exchangeinordertodestabilizetheputativecovalentadductwhich
mightbeformedwithnormalsubstratessuchaslactatewithlactateoxidaseandglycollate
withglycollateoxidase.

Reiteratingtheearlierdiscussion,formationofacovalentlinkbetweenN(5)andsubstrate
a-Cmightgotocompletiononlywhenthestericconstraintscanbeovercome,asinthe
caseoflactateoxidaseandglycollate.Inothercasesbondformationmightbeonlypartial
andoccurinastepconcertedwiththesubsequentbreakage;i.e.,theN(5)-C(a)bondisa
truetransientstate.

F.ONTHEQUESTIONOFINVOLVEMENTOFANIONICFLAVINN(5)ASAN
INTERMEDIATEDURINGCATALYSIS
Lederer98(seealsoChapter7)favorsformationofareduceddianionicflavin(charges

atN[1]andN[5])coupledwithreleaseofthea-OHproton,e.g.,byTyr-152asamechanism
forthetransferofelectronsfromthecarbaniontotheoxidizedflavin.Thisisequivalent
tosequences(d1+d2)ofScheme7,withtheomissionofaconcomitantH+transfer
suchasdiscussedearlier.Thereare,inouropinion,severallinesofevidenceagainstN(5)
carryinganegativecharge,asformulatedbyLederer.Inviewofthebasicimportanceof
theargument,inthefollowingwecomparethethermodynamicsoftheionizationstatesof
chargedgroupsattheenzymeactivecenterandoffunctionsinvolvedincatalysis.

SincetheN(5)functioninfreereducedflavinisneutral(>N[5]-H),theformulationof
ananionicformimplicitlyraisesthequestionaboutitspKainthefreestateandinthe
complexwiththeaminoacidfunctionsattheactivecentersofa-hydroxyacidoxidases/
dehydrogenases.ThisimportantaspecthasnotbeenaddressedbyUrbanandLederer.98The
pKavalueoftheenzymeboundformshouldbeinarangecompatiblewithenzymatic
functionalgroups,i.e.,itshouldnotbe"toofar"fromneutrality.Whiledirectmeasurements
donotappeartobefeasible,thereis,however,informationallowingareasonableestimate
ofthemoleculeinsolution.InFigure12,wehaveplottedthenuclearmagneticresonance
(NMR)chemicalshiftsof15Nofaseriesofaromaticamines99againsttheirestimatedpKa

values,l°Oanacceptedmethodfortheestimationofionizationconstantsoutsidetheexper­
imentallyaccessiblerange.Thecorrelationfound101isquitesatisfactory,thelargestdeviation
fromtheinterpolatinglinebeing±2pKunits.Thechemicalshiftof15N(5)-Hinreduced
flavinis---323ppm(usingnitromethaneasreference)95,96andthisplacesitincloseneigh­
borhoodofaniline,theestimatedpKaofwhichis---28.100Thus,eveniftheerrorofsuch
anestiInationwouldbelarge,thepKofN(5)-Hcansafelybeputaround25orabove,i.e.,
some18unitsaboveneutrality.AnindependentestimationofthispKavaluerelyingonthe
rateofexchangeofN(5)-Hwithsolventis>21.101Inthiscontextitisintriguingtonote
thatthechemicalshiftofN(5)-HisessentiallyunalteredbytheionizationatN(1)ofreduced
flavin,101andthatalsothechemicalshiftüf13C(4a)islitdeaffectedbythesameionization,97
incontrasttowhatwouldbesuggestedbychemicalintuition.

ThepKofHis-290inlactateoxidaseismostlikely---4.7inthecaseofafreelyaccessible
activesite(seestudiesonbindingofoxalate,earlier,andReference40),anditisincreased
bysome~5unitsifanegativechargeisplacedinitsvicinitysuchasuponbindingof280 Chemistry and Biochemistry 0/ Flavoenzymes

towards distances (---3 Ä) where orbital overlap (i.e., bond formation) will start to become
important. This covalent bond formation might not reach completion if the subsequent step,
which also involves protonation of the flavin N(5) by His-290H+ , ensues rapidly.

In our opinion, in the case of glycollate, which is an alternate substrate, the covalent
intermediate observed is a "true" catalytic intermediate. With lactate, the normal substrate,
its relative energy might be much higher for the reasons discussed earlier, or it mig· 1t be
viewed as a transition state in which the covalent bond is formed only partially. One should
keep in mind that optimization of catalysis would not favor the occurrence of "very stable
intermediates' '. Along this speculative line, one could hypothesize that nature has favored
the Gly-99->Ala-79 exchange in order to destabilize the putative covalent adduct which
might be formed with normal substrates such as lactate with lactate oxidase and glycollate
with glycollate oxidase.

Reiterating the earlier discussion, formation of a covalent link between N(5) and substrate
a-C might go to completion only when the steric constraints can be overcome, as in the
case of lactate oxidase and glycollate. In other cases bond formation might be only partial
and occur in a step concerted with the subsequent breakage; i.e., the N(5)-C(a) bond is a
true transient state.

F. ON THE QUESTION OF INVOLVEMENT OF ANIONIC FLAVIN N(5) AS AN
INTERMEDIATE DURING CATALYSIS
Lederer98 (see also Chapter 7) favors formation of a reduced dianionic flavin (charges

at N[I] and N[5]) coupled with release ofthe a-OH proton, e.g., by Tyr-152 as a mechanism
for the transfer of electrons from the carbanion to the oxidized flavin. This is equivalent
to sequences (d1 + d2) of Scheme 7, with the omission of a concomitant H+ transfer
such as discussed earlier. There are, in our opinion, severallines of evidence against N(5)
carrying a negative charge, as formulated by Lederer. In view of the basic importance of
the argument, in the following we compare the thermodynamics of the ionization states of
charged groups at the enzyme active center and of functions involved in catalysis.

Since the N(5) function in free reduced flavin is neutral (>N[5]-H), the formulation of
an anionic form implicitly raises the question about its pKa in the free state and in the
complex with the amino acid functions at the active centers of a-hydroxy acid oxidases/
dehydrogenases. This important aspect has not been addressed by Urban and Lederer. 98 The
pKa value of the enzyme bound form should be in a range compatible with enzymatic
functional groups, i.e., it should not be "too far" from neutrality. While direct measurements
do not appear to be feasible, there is, however, information allowing a reasonable estimate
of the molecule in solution. In Figure 12, we have plotted the nuclear magnetic resonance
(NMR) chemical shifts of 15N of aseries of aromatic amines99 against their estimated pKa

values,l°O an accepted method for the estimation of ionization constants outside the exper­
imentally accessible range. The correlation found101 is quite satisfactory, the largest deviation
from the interpolating line being ± 2 pK units. The chemical shift of 15N(5)-H in reduced
flavin is ---323 ppm (using nitromethane as reference)95,96 and this places it in close neigh­
borhood of aniline, the estimated pKa of which is ---28. 100 Thus, even if the error of such
an estiInation would be large, the pK of N(5)-H can safely be put around 25 or above, i.e.,
some 18 units above neutrality. An independent estimation of this pKa value relying on the
rate of exchange of N(5)-H with solvent is >21. 101 In this context it is intriguing to note
that the chemical shift of N(5)-H is essentially unaltered by the ionization at N(1) of reduced
flavin,101 and that also the chemical shift of 13C(4a) is litde affected by the same ionization,97
in contrast to what would be suggested by chemical intuition.

The pK of His-290 in lactate oxidase is most likely ---4.7 in the case of a freely accessible
active site (see studies on binding of oxalate, earlier, and Reference 40), and it is increased
by some ~5 units if a negative charge is placed in its vicinity such as upon binding of
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FIGURE12.Correlationof15N-chemicalshiftwiththepKaofaseriesofaromaticamines.Thevaluesshown
weretakenfromReferences99and100andarefordataobtainedinacetone(.)andindimethylsulfoxide(0)as
solvents,andreferredtoneatnitromethaneasreference.Thecompoundsare1:aniline;2:2-azaaniline;3:4­
cyanoaniline;4:4-azaaniline;5:2,6-diazaaniline;6:4-nitroaniline;7:2-nitroaniline;8:4-chloro-2-nitroaniline;and
9:2,3-dinitroaniline.Thehorizontalarrowshowsthechemicalshiftfoundfor15N(5)-Hinreducedtlavin,95,96and
theverticalarrowextrapolatestoavalue----28forthepKaofthisfunction.(AdaptedfromMacheroux,P.,
Sanner,Ch.,Rüterjans,H.,Ghisla,S.,andMüller,F.,Eur.J.Biochem.,manuscriptinpreparation.With
permission.)

dicarboxylicacids.ThepKsofTyr-44andTyr-152arelikelytobearound10atfirst
approximation.Thusina(putative)transientimidazolium-a-carbanionpair,thepKofthe
lattermightbeloweredbyatleast5pKunits,andthuspossiblybelow15.InLedererand
Mathews'scheme,36thestepincatalysissubsequenttoa-carbanionformationisproposed
togeneratetwonegativechargesonthereducedflavin.Thefirstone,atN(I),willbe
stabilizedby(protonated)lysine(Lys-266inlactateoxidase,Lys-349incytochromeb2,see
Figure9).Thesecondone,ifonN(5),andregardlessofitspK,wouldnotbeclosetoany
positivelychargedspecies,exceptmaybeforHis-290.

ItisthusclearthatapresumedflavinN(5)anionwillhavethetendencytoneutralize
itschargeattheexpenseofanyoneofits(protonated)neighboringfunctionshavingalower
pK.ThereisafurtherstrongargulnentagainsttheoccurrenceofanN(5)anionicspeciesas
anintermediate,whichcanbededucedfromsimplethermodynamicandkineticconsider­
ationsofthe"reversereaction",i.e.,thatofreducedenzymewithpyruvate.Reductionof
lactateoxidasewithL-Iactateyieldsasafirstobservableproductaspecieswhichisidentical
tothatobtaineduponreactionofpyruvatewithreducedenzyme(seeFigure2andearlier
discussion).Thisleadstotheconclusionthatthelongwavelengthspeciesassumedtobe
thecomplexofreducedenzyme(flavinN[5]-H)andpyruvate(Figure2)wouldhavetobe
acorrespondingoneinwhichN(5)isanionic.ThisN(5)-complexwouldhavetobeformed
intwosteps,namelybindingofpyruvateandsubsequentdissociationofN(5)-Hasshown
inScheme12.The(overall)bindingconstant,asexpressedbytheexperimentallydetermined
valueKd(exp),shouldbeaspresentedinScheme12.

AtpH7.0,theKd(exp)forpyruvatebinding6is2.5-10-3M;thus,assumingK1$10-
25

M,itfollowsthatKd',thebindingofpyruvatetoN(5)anionflavinenzyme,wouldhave
anunreasonablylowdissociationconstant(i.e.,Kd'---2.5-10-

21
M).Ifoneassurnesthat

thepKofthereducedflavinN(5)isloweredinthecomplexwithpyruvateto,e.g.,---15,
thevalueofKdwouldstillbeunreasonablylow(Kd---2.5-10-

11
M).(Basedonthecontext

ofthediscussionofLedererinChapter7andinReference98,N(5)-Hisoneofthefunctions
towhichanexperimentallydeterminedpKof---15mightbeattributed.)Assumingastill Volume 11 281
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FIGURE 12. Correlation of 15N-chemical shift with the pKa of aseries of aromatic amines. The values shown
were taken from References 99 and 100 and are for data obtained in acetone (.) and in dimethylsulfoxide (0) as
solvents, and referred to neat nitromethane as reference. The compounds are 1: aniline; 2: 2-azaaniline; 3: 4­
cyanoaniline; 4: 4-azaaniline; 5: 2,6-diazaaniline; 6: 4-nitroaniline; 7: 2-nitroaniline; 8: 4-chloro-2-nitroaniline; and
9: 2,3-dinitroaniline. The horizontal arrow shows the chemical shift found for 15N(5)-H in reduced flavin,95,96 and
the vertical arrow extrapolates to a value ----28 for the pKa of this function. (Adapted from Macheroux, P.,
Sanner, Ch., Rüterjans, H., Ghisla, S., and Müller, F., Eur. J. Biochem., manuscript in preparation. With
permission.)

dicarboxylic acids. The pKs of Tyr-44 and Tyr-152 are likely to be around 10 at first
approximation. Thus in a (putative) transient imidazolium-a-carbanion pair, the pK of the
latter might be lowered by at least 5 pK units, and thus possibly below 15. In Lederer and
Mathews' scheme,36 the step in catalysis subsequent to a-carbanion formation is proposed
to generate two negative charges on the reduced flavin. The first one, at N(I), will be
stabilized by (protonated) lysine (Lys-266 in lactate oxidase, Lys-349 in cytochrome b2 , see
Figure 9). The second one, if on N(5), and regardless of its pK, would not be close to any
positively charged species, except maybe for I-lis-290.

It is thus clear that a presumed flavin N(5) anion will have the tendency to neutralize
its charge at the expense of any one of its (protonated) neighboring functions having a lower
pK. There is a further strong argulnent against the occurrence of an N(5) anionic species as
an intermediate, which can be deduced from simple thermodynamic and kinetic consider­
ations of the "reverse reaction", i.e., that of reduced enzyme with pyruvate. Reduction of
lactate oxidase with L-Iactate yields as a first observable product a species which is identical
to that obtained upon reaction of pyruvate with reduced enzyme (see Figure 2 and earlier
discussion). This leads to the conclusion that the long wavelength species assumed to be
the complex of reduced enzyme (flavin N[5]-H) and pyruvate (Figure 2) would have to be
a corresponding one in which N(5) is anionic. This N(5)- complex would have to be formed
in two steps, namely binding of pyruvate and subsequent dissociation of N(5)-H as shown
in Scheme 12. The (overall) binding constant, as expressed by the experimentally determined
value Kd(exp), should be as presented in Scheme 12.

At pH 7.0, the Kd(exp) for pyruvate binding6 is 2.5-10- 3M; thus, assuming K1 ~ 10- 25

M, it follows that Kd', the binding of pyruvate to N(5) anion flavin enzyme, would have
an unreasonably low dissociation constant (i.e., Kd' ---2.5-10- 21 M). If one assurnes that
the pK of the reduced flavin N(5) is lowered in the complex with pyruvate to, e.g., ---15,
the value of Kd would still be unreasonably low (Kd ---2.5-10- 11 M). (Based on the context
of the discussion of Lederer in Chapter 7 and in Reference 98, N(5)-H is one of the functions
to which an experimentally determined pK of ---15 might be attributed.) Assuming a still
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SCHEME12.Stepswhichwouldbeinvolvedintheformationofanenzymeanionicreducedflavincomplexwith
pyruvate.Theschemeispurelyhypotheticalandrepresentsthestepsandequilibria,whicharerequiredforthe
formationofthereducedenzymepyruvatecomplexinthecasetheflavinN(5)wouldexistinitsanionicform.Kd

andKd'representthebindingofpyruvatetonotionizedandtoionizedreducedenzyme.K}andK2aretheionization
constantsofuncomplexedandofpyruvatecomplexedenzyme.

lowerpKaforthisfunctionmighteasetheproblemofpyruvatebinding,butwillincrease
thatofthepKshiftofN(5)-Hwhichmustbeinducedbytheprotein.Inthiscontextitshould
berecalledthatN(5)isaccessibletosolventbothincytochromeb2(Chapter7)andin
glycollateoxidase,!?renderingalargeshiftunlikely.

WhilethesethermodynamicconsiderationsmakeunlikelythehypotheticalstepsofScheme
12,aclearrejectionofthemcanbemadeonkineticgrounds.Asdiscussedearlierinthis
review,therateofdecayofthereducedenzyme-pyruvatecomplex(2.5min-I=4-10-

2
s-I),

producedasanintermediateinthereductionoftheenzymebylactate,isthesameasthe
valueofkoffdeterminedbyrapidreactionkineticsstudiesoftheformationofthesame
complexbymixingreducedenzymewithdifferentconcentrationsofpyruvate.

6
Inthese

studiestherewasnoexperimentalevidencethatwouldindicateatwo-stepmechanismof
thetypeshowninScheme12.IfthemechanismsummarlzedinScheme12didapply,then
thespectralchangesassociatedwithformationanddecayofthecomplexwouldhavetobe
dueeithertoprotonation/deprotonationdeterminedbypK2ortotheinitialformationofthe
complexfromthepredominant,reducedlactateoxidase---N(5)-Hform.Ifthecolorchange
werecontrolledbytheK2step,thentheexperimentallyobserveddecayrateof4-10-

2
s-

1

shouldequalk4-[H+],i.e.,sincetheratewasdeterminedatpH7,k4wouldequal4-10
5

M-Is-I.However,ifK2=10-15M,thenk3wouldbe4x10-IOs-l,correspondingtoa
t1l2>50years.Thiswouldhavetobethestepassociatedwiththecolorchangesaccompanying
formationofthecomplexfromreducedenzymeandpyruvate,aclearlyunlikelysituation.

Ontheotherhand,ifthecolorchangeswereassociatedwiththeinitialstepdefinedby
Kd,thentheobserveddecayrate,4-10-

2
s-l,wouldbeduetok2•Ifthetwo-stepmechanism

applied,andKdwasreally2.5-10-
11

M,thenklwouldbe1.6-109M-Is-I.Thisisa
theoreticallyfeasiblevalue,butonewhichdoesnotfitwiththeexperimentallymeasured
valuefortheabsorbancechanges,17M-Is-I.Thus,thetwo-stepmechanismofScheme
12isinconsistentwithexperimentalresults.Thelattersupportstronglyasimpleone-step
equilibriumbetweenthecatalyticintermediateandfreereducedenzymeandpyruvate,yield­
ingakineticallydeterminedKduf2.3-10-

3
M,inagreementwiththethermodynamically

determinedKd•
6

Finally,ifanN(5)anionwouldexist,itwouldbeclosesttothea-carbonylofthe
product.Insuchacaseverystrongforceswouldhavetobeoperativeinordertopreventa
nucleophilicattackonthelatter.Furthermore,thehydrogenbridgebetweenthepyruvate
carbonylandTyr-152wouldappeartobeideallysetuptoinducesuchanucleophilicattack.
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+ +
K d • [H ] =Kd• [H ]

Kd(exp) = K
2

K
1

~

LOred-N(5)-H + CH3-C-C02- ~
11

o

H+ ~ pK1

LOred-N(5)- /'v CH3-C-C02­
11

o

SCHEME 12. Steps which would be involved in the formation of an enzyme anionic reduced flavin complex with
pyruvate. The scheme is purely hypothetical and represents the steps and equilibria, which are required for the
formation of the reduced enzyme pyruvate complex in the case the flavin N(5) would exist in its anionic form. Kd

and Kd ' represent the binding of pyruvate to not ionized and to ionized reduced enzyme. K} and K2 are the ionization
constants of uncomplexed and of pyruvate complexed enzyme.

lower pKa for this function might ease the problem of pyruvate binding, but will increase
that of the pK shift of N(5)-H which must be induced by the protein. In this context it should
be recalled that N(5) is accessible to solvent both in cytochrome b2 (Chapter 7) and in
glycollate oxidase,!? rendering a large shift unlikely.

While these thermodynamic considerations make unlikely the hypothetical steps of Scheme
12, a clear rejection of them can be made on kinetic grounds. As discussed earlier in this
review, the rate of decay ofthe reduced enzyme-pyruvate complex (2.5 min -I = 4-10- 2s -I),
produced as an intermediate in the reduction of the enzyme by lactate, is the same as the
value of koff determined by rapid reaction kinetics studies of the formation of the same
complex by mixing reduced enzyme with different concentrations of pyruvate.6 In these
studies there was no experimental evidence that would indicate a two-step mechanism of
the type shown in Scheme 12. If the mechanism summarized in Scheme 12 did apply, then
the spectral changes associated with formation and decay of the complex would have to be
due either to protonation/deprotonation determined by pK2 or to the initial formation of the
complex from the predominant, reduced lactate oxidase ---N(5)-H form. If the color change
were controlled by the K2 step, then the experimentally observed decay rate of 4-10- 2s- 1

should equal k4-[H+], i.e., since the rate was determined at pH 7, k4 would equal 4-105

M-Is- I. However, if K2 = 10- 15 M, then k3 would be 4 x 10-IOs-l, corresponding to a
t1l2 > 50 years. This would have to be the step associated with the color changes accompanying
formation of the complex from reduced enzyme and pyruvate, a clearly unlikely situation.

On the other hand, if the color changes were associated with the initial step defined by
Kd , then the observed decay rate, 4-10- 2s-I, would be due to k2 • If the two-step mechanism
applied, and Kd was really 2.5-10- 11 M, then kl would be 1.6-109 M-Is- I. This is a
theoretically feasible value, but one which does not fit with the experimentally measured
value for the absorbance changes, 17 M- IS -I. Thus, the two-step mechanism of Scheme
12 is inconsistent with experimental results. The latter support strongly a simple one-step
equilibrium between the catalytic intermediate and free reduced enzyme and pyruvate, yield­
ing a kinetically determined Kd uf 2.3-10- 3 M, in agreement with the thermodynamically
determined Kd •

6

Finally, if an N(5) anion would exist, it would be closest to the a-carbonyl of the
product. In such a case very strong forces would have to be operative in order to prevent a
nucleophilic attack on the latter. Furthermore, the hydrogen bridge between the pyruvate
carbonyl and Tyr-152 would appear to be ideally set up to induce such a nucleophilic attack.
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FIGURE13.Aetivesitedeseriptionoftheinteraetionswhieheouldstabilizethenegativeehargedevelopingon
thesubstrateex-position.Notethatthesubstratemesomeriestruetureshownisaeanoniealextreme,i.e.,that
deloealizationtowardsTyr-44mightbeonlypartial.Theexisteneeofthebase(?)towhiehaprotonisbeing
transferredfromTyr-152ispurelyhypothetieal.

G.ONTUEMECUANISMOFTRANSIENTSTABILIZATIONOFTUE
SUBSTRATEa-CARBANION
Bruice

86
inadiscussionofthedetailedmechanismofa-OH-aciddehydrogenationhas

formulatedthefollowingrequirement:"Theformationofa-carbanionintermediatewould
requirethedelocalizationoftheelectronpairtotheundissociatedcarboxylgroup."This

rdelocalizationwillcontributetolowerthepKofthelactatea-carbon(pK>18?).The
presumedthree-dimensionalstructureoftheactivecenteroflactateoxidaseallowsthe
formulationofanicemechanism,inwhichthenegativechargeassumedtodeveloponthe
a-Cisdelocalizedtransientlytooneofthecarboxylateoxygens,fromwhich,viainteraction
withTyr-44,itcanbetransferredtothelatterOHfunction(pK~10).Thiswouldrequire
thatthetransient(orintermediate)hasaplanarconfiguration.Thatthisispossibleisapparent
fromtheplanarconfigurationofpyruvateboundtotheactivecenterofflavocytochromeb2

(seeChapter7),fromwhichrepresentationthedrawingofFigure13wasadapted.The
ruptureofthesubstratea-C-Hwouldthusresultinaseparationofchargesandtheirpartial
transfertoHis-290andTyr-44,asshownonFigure13.Subsequently,"charge"would
"flow"toN(5)andendupatthefunctionwiththelowestpK,N(l),whereitisstabilized
bytheinteractionwithLys-266.

XIII.THEOXIDATIVEHALF-REACTION

Thesecondhalfofthecatalyticcycleoflactateoxidasecanbesubdividedintotwo
mechanisticallydifferentprocesses.First,oxygenmustbeactivatedbyreactionwiththe
reducedflavintoformpresumablyaperoxide,andsecond,thelattermustreactwiththea­
ketoacidandinduceadecarboxylativefragmentation:

a)E~FlredH-~R-C(=O)-COO-+O2~E~Flox~H202~R-C(=O)-C00-

b)E~Flox~H202~R-C(=O)-C00-~E~Flox+R-COO-+CO2

A.MECUANISMOFACTIVATIONOFOXYGEN
Thisprocessisgenerallythoughttoproceedviale-oxidoreductionstepsandaninter­

mediateflavin-4a-hydroperoxideassummarizedinsomedetailrecently.81Inthecaseof
lactateoxidase,however,admissionofoxygentoeitherfreerequcedenzymeortoitscomplex
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FIGURE 13. Aetive site deseription of the interaetions whieh eould stabilize the negative eharge developing on
the substrate ex-position. Note that the substrate mesomerie strueture shown is a eanonieal extreme, i.e., that
deloealization towards Tyr-44 might be only partial. The existenee of the base (?) to whieh a proton is being
transferred from Tyr-152 is purely hypothetical.

G. ON TUE MECUANISM OF TRANSIENT STABILIZATION OF TUE
SlTBSTRATE a-CARBANION
Bruice86 in a discussion of the detailed mechanism of u-OH-acid dehydrogenation has

formulated the following requirement: "The formation of u-carbanion intermediate would
require the delocalization of the electron pair to the undissociated carboxyl group." This
delocalization will contribute to lower the pK of the lactate u-carbon (pK > 18?). The
presumed three-dimensional structure of the active center of lactate oxidase allows the
formulation of a nice mechanism, in which the negative charge assumed to develop on the
u-C is delocalized transiently to one of the carboxylate oxygens, from which, via interaction
with Tyr-44, it can be transferred to the latter OH function (pK --10). This would require
that the transient (or intermediate) has a planar configuration. That this is possible is apparent
from the planar configuration of pyruvate bound to the active center of flavocytochrome b2

(see Chapter 7), from which representation the drawing of Figure 13 was adapted. The
rupture of the substrate u -C-H would thus result in aseparation of charges and their partial
transfer to His-290 and Tyr-44, as shown on Figure 13. Subsequently, "charge" would
"flow" to N(5) and end up at the function with the lowest pK, N(l), where it is stabilized
by the interaction with Lys-266.

XIII. THE OXIDATIVE HALF-REACTION

The second half of the catalytic cycle of lactate oxidase can be subdivided into two
mechanistically different processes. First, oxygen must be activated by reaction with the
reduced flavin to form presumably aperoxide, and second, the latter must react with the u­
ketoacid and induce a decarboxylative fragmentation:

a) E--FlredH---R-C(=O)-COO- + O2 ~ E--Flox--H20 2--R-C(=O)-COO-

b) E--Flox--H20 2--R-C(=O)-C00- ~ E--Flox + R-COO- + CO2

A. MECUANISM OF ACTIVATION OF OXYGEN
This process is generally thought to proceed via le - oxidoreduction steps and an inter­

mediate flavin-4a-hydroperoxide as summarized in some detail recently. 81 In the case of
lactate oxidase, however, admission of oxygen to either free requced enzyme or to its complex
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SCHEME13.Mechanismofoxidativedecarboxylationofa-ketoacidbyhydroperoxide.

withpyruvateleadstoformationofoxidizedenzymeflavinwithoutanyhintoftheoccur­
renceofintermediatesofparamagneticordiamagneticnatureandwithoutformationof
byproductssuchassuperoxide.

6
Itshouldbenotedthatthereducedflavinismostprobably

intheanionicstatepriortooxidation.Therateofreactionoffreereducedenzymewith
oxygenis5-10

5
M-

1
min-1(Table1)andthusconsiderablyfasterthanthatoffreereduced

flavin;thisrateisfUltherenhanced.........200-foldinthereducedenzyme-pyruvatecomplex
(Table1).Thereasonsforthisrateenhancementareunknown;itcouldbespeculated,that
inthechargetransfercomplexbetweenreducedenzymeandpyruvate,electroniceffects
favorthespininversionstepsrequiredforreactionoftripletoxygen.

B.MECHANISMOFSUBSTRATEMONOOXYGENATION
Themechanismofflavin-mediatedinsertionofoxygenintosubstratestartingfroma

flavin-4a-hydroperoxideisstillpoorlyunderstood.
81

Thepresentcase,however,isexcep­
tionalandthedetailsofstepbofthepreviousequationdonotposeproblems.Decarboxylation
ofa-ketoacidsinducedbyperoxideisareactionwhichproceedsalsointheabsenceof
enzymaticcatalysis,albeitatamuchslowerrate.6Thefunctionoftheenzymeinthepresent
caseisthusenvisagedasconsistingofthegenerationofH202andketoacidincloseproximity
andallowingthereactiontogotocompletionbeforedissociationofthecomponentsoccurs.6

TheactualdecarboxylationprocesscanbeformulatedasshowninScheme13.
102

C.GENERALCOMMENTSONTUEOXYGENREACTIVITYOF
a-UYDROXYACIDOXIDASES.
Aspointedoutearlier,thethree-dimensionalstructuresofthepolypeptidechainsof_

flavocytochromeb2andofglycollateoxidasearesimilar,inparticulararoundtheactive
center.Thesetwoenzymesareverydifferentwithrespecttotheoxygenreactivity,the
formerbeingapoorreactantwithoxygen,whilethesecondisanefficientoxidase.The
three-dimensionalstructureoflactateoxidaseisnotyetavailable,butthesimilaritieswith
thetwootherenzymesissuchthatasimilarevaluationcaneasilybepredicted.Itisthus
likelythataminorstericfactorsuchasthatdiscussedearlierforthecaseofFigure11is
sufficientforgovemingaccessofoxygentothereducedflavin.Inotherwords,oxygen
reactivityinthisclassofflavoproteinsislikelytobegovemedbycontrolofaccessofoxygen
andnotbyinfluencesonthechemistryofthereducedflavin.Aparticularcaserevolves
aroundthefactorswhichinfluencethereactionofthecomplexofthesemiquinoneanionof
lactateoxidaseandpyruvatewithoxygen,whichisextremelyslow,ascomparedtothatof
fullyreducedenzymeandthesameketoacid,whichisveryfast(seeearlierdiscussion).
Thetwoflavinsarecloselysimilarwithrespecttostereochemistry,locationofcharges,and
mostprobablymodeofbindingofpyruvate(seeChapter7).Themainapparentdifference
betweenthetwocasesresidesatN(5),whichshouldhavetetrahedralcharacterinFlredH-,
andplanar(SP2)characterintheanionradicalasshowninFigure14.

Thisdifferencealonedoesnotappeartobesufficienttowarrantsuchalargeeffect.In
thiscase,theexplanationmightresideinacombinationofthermodynamicandkinetic
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SCHEME 13. Mechanism of oxidative decarboxylation of a-ketoacid by hydroperoxide.

with pyruvate leads to fonnation of oxidized enzyme flavin without any hint of the occur­
rence of intennediates of paramagnetic or diamagnetic nature and without fornlation of
byproducts such as superoxide. 6 It should be noted that the reduced flavin is most probably
in the anionic state prior to oxidation. The rate of reaction of free reduced enzyme with
oxygen is 5-105 M- 1min -1 (Table 1) and thus considerably faster than that of free reduced
flavin; this rate is fUlther enhanced ......... 200-fold in the reduced enzyme-pyruvate complex
(Table 1). The reasons for this rate enhancement are unknown; it could be speculated, that
in the charge transfer complex between reduced enzyme and pyruvate, electronic effects
favor the spin inversion steps required for reaction of triplet oxygen.

B. MECHANISM OF SUBSTRATE MONOOXYGENATION
The mechanism of flavin-mediated insertion of oxygen into substrate starting from a

flavin-4a-hydroperoxide is still poorly understood. 81 The present case, however, is excep­
tional and the details of step b of the previous equation do not pose problems. Decarboxylation
of a-ketoacids induced by peroxide is areaction which proceeds also in the absence of
enzymatic catalysis, albeit at a much slower rate. 6 The function of the enzyme in the present
case is thus envisaged as consisting of the generation of H20 2 and ketoacid in close proximity
and allowing the reaction to go to completion before dissociation of the components occurs. 6

The actual decarboxylation process can be fornlulated as shown in Scheme 13. 102

C. GENERAL COMMENTS ON TUE OXYGEN REACTIVITY OF
a-UYDROXY ACID OXIDASES.
As pointed out earlier, the three-dimensional structures of the polypeptide chains of

flavocytochrome b2 and of glycollate oxidase are similar, in particular around the active
center. These two enzymes are very different with respect to the oxygen reactivity, the
fonner being a poor reactant with oxygen, while the second is an efficient oxidase. The
three-dimensional structure of lactate oxidase is not yet available, but the similarities with
the two other enzymes is such that a similar evaluation can easily be predicted. It is thus
likely that a minor steric factor such as that discussed earlier for the case of Figure 11 is
sufficient for governing access of oxygen to the reduced flavin. In other words, oxygen
reactivity in this class of flavoproteins is likely to be govemed by control of access of oxygen
and not by influences on the chemistry of the reduced flavin. A particular case revolves
around the factors which influence the reaction of the complex of the semiquinone anion of
lactate oxidase and pyruvate with oxygen, which is extremely slow, as compared to that of
fully reduced enzyme and the same keto acid, which is very fast (see earlier discussion).
The two flavins are closely similar with respect to stereochemistry, location of charges, and
most probably mode of binding of pyruvate (see Chapter 7). The main apparent difference
between the two cases resides at N(5), which should have tetrahedral character in FlredH- ,
and planar (SP2) character in the anion radical as shown in Figure 14.

This difference alone does not appear to be sufficient to warrant such a large effect. In
this case, the explanation might reside in a combination of thermodynamic and kinetic
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FIGURE14.Comparisonofthestericrequirementsofanionicflavinradical(left)andreducedflavin(right)
aroundtheflavinN(5).

effects.Inthecaseoffullyreducedenzyme,thethermodynamicsclearlyfavorproduct
formation:

[E,-...,PlredH-,-...,Pyr]+O2p[E'-""Plox,-...,,H202,-...,Pyr]~Products

andthereactionisdriventotherightalsobytheensuingdecarboxylationreaction.Incontrast
tothis,asdiscussedinSectionIVonredoxproperties,thetightbindingofpyruvatetothe
anionicsemiquinoneformoftheenzymewouldbepredictedtoraisethepotentialofthe
E,-...,PMN/E,-...,FMN·-coupleto+80mV,makingtheone-electronreductionofO2to°2.­

bytheflavinradicalthermodynamicallyveryunfavorable(E'0of0i02·-couple=-160
mV).31
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effects. In the case of fully reduced enzyme, the thermodynamics clearly favor product
formation:

and the reaction is driven to the right also by the ensuing decarboxylation reaction. In contrast
to this, as discussed in Section IV on redox properties, the tight binding of pyruvate to the
anionic semiquinone form of the enzyme would be predicted to raise the potential of the
E~FMN/E~FMN· - couple to + 80 mV, making the one-electron reduction of O2 to °2.­

by the flavin radical thermodynamically very unfavorable (E' 0 of 0z/02· - couple = - 160
mV).31
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