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L-Lactate oxidase from Mycobacteriumsmegmatis
drogenation, fiist formulated by Cornforth (4), has recently
catalyzes the oxidative decarboxylation of glycollate, gained considerable evidence in its favor (5-9). It would be
with formate, COz, and H 2 0 as the major products. In initiated by the abstraction of the substratea-hydrogen as a
addition, some “uncoupling” of the normal reaction proton to form a transient carbanion. From arguments introoccurs, with glyoxylate and H202as products. Glyox- duced in the preceding paper (lo), and also discussed by
ylate is also a substrate(presumably as itshydrate); in others (6,9,11,12), the further
transfer of oxidation-reduction
this case, the reaction products are oxalate and H202. equivalents would be likely to proceed through a covalent
Evidence is presented that the enzyme recognizes flavin adduct. For the purpose of detailed mechanistic invesglycollate as a prochiral substrate, differentiating be- tigations of such problems, the flavoenzyme L-lactate oxidase
tween the Re- and Si-faces of the a carbon atom. Two
is acandidate of choice due to its stability, its favorable
highly fluorescent species are formed concomitantly
spectral
and fluorescence properties, and the large amount of
from the reactionwith glycollate; they are proposed to
be covalent a-glycollyl adducts to the reduced flavin kinetic data already available (7, 13, 14). It oxidizes the L
position N(5). One of
these adducts labile
is
and in rapid forms of a-hydroxy acids, while the D forms are strong comequilibrium with oxidized enzyme and glycollate, and petitive inhibitors (15). However, its reaction with L-lactate
with the complex of reduced enzyme and glyoxylate; did not indicate the occurrence of any intermediates during
this adduct is a catalytically competent intermediate. the very fast conversion of the EF1,. L-lactate complex into
The other adduct is comparatively stable (tlI2
for decay its reduced enzyme-pyruvate counterpart (13). The lack of
= 20 min at 25°C) and does not react with 02.It is observable intermediates could, however, be due to kinetic
formed at a rate approximately 1%that of the catalytic reasons. Among the substratestested, glycollate is one with a
adduct, but because of its lack of reaction with O2 and relatively small turnovernumber, and its use might thus
its stability, it gradually accumulates during catalytic facilitate kinetic analysis and eventually provide new mechaturnover,resultingin
catalytically incompetent en- nistic insights. This expectation is borne out by the experizyme. An isotope effect of -4 is found in thereduction ments described in the present and in a following paper,’
of oxidized enzyme flavin and in the formation of the where it will be shown that the enzyme recognizes glycollate
labile fluorescent adduct, when a-2H2-glycollateor (R)- as a prochiral molecule and forms with it two diastereomeric
glycollate-2-dis used, but not with the (S)-glycollate-2- covalent adducts of the flavin coenzyme. A primary purpose
d enantiomer. It is concluded that thecatalytic adduct of the present paperis to demonstrate that the same substrate,
is formed by hydrogen abstraction from the Re-face of glycollate, behaves in a fashion similar to that found with
glycollate.
racemic substrates, i.e. it is being oxidized catalytically, while
it is at thesame time a competitive inhibitor. The second goal
is to show that thecovalent adducts areindeed formed directly
In general, the reaction sequences by which flavoproteins from two parallel Michaelis prochiral complexes, and that the
achieve dehydrogenase catalysis are far from simple. This is adducts can also arise from the reaction of reduced enzyme
inherent in theirdual function consisting, on the one hand, in and glyoxylate. Third, and of obvious mechanistic relevance,
the uptakeof oxidation-reduction equivalents throughbreak- it will be shown that one of these adducts is on the catalytic
age of kinetically stable C-H bonds of one of the substrates reaction path, or at least in a rapid equilibrium with it, and
is responsible for inhibition which
(donor) and, on the other hand,in the transfer of the oxida- that the other adduct
occurs
progressively
during
catalytic turnover. Preliminary
tion-reduction equivalents to a varietyof acceptors. The second process includes, for example, electron pair splitting in reports of these results have been published elsewhere (16,
the case of dehydrogenase-electron transferases or oxygen 17).
activation in the case of dehydrogenase-monooxygenases. It
EXPERIMENTAL PROCEDURES
may also involve the reduction of a second substrate in the
Materials-L-Lactate oxidase from Mycobacterium smegmatiswas
case of the transhydrogenases. These functions require the
interaction of the enzyme with up to threesubstrates, making isolated by the procedure of Choong et al. (18). L-Lactate dehydrogenase from hog muscle, D-lactate dehydrogenase from Lactobacillus
the analysis of kinetic data complicated (1-3).
leichmanii, formate dehydrogenase from yeast, and alcohol dehydroThe so-called “carbanion mechanism” for substrate dehy- genase from yeast were from Boehringer Mannheim. L-Lactic acid
* This work was supported by Grant GM11106 from the United
States Public Health Service (V. M.) and by agrant from the
Deutsche Forschungsgemeinshaft ( S . G.).The costs of publication of
this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

(lithium salt) was from Sigma, glyoxylate was from Fluka, ethanol-&
(99%) and NaB’H, (98%)were from Merck, Sharp and Dohme, and
‘H20 (99.7%) was from Roth, Karlsruhe. All other chemicals were
from the best available commercial source. NADH and NAD’H were
prepared as the barium salts from NAD’ (Boehringer Mannheim)
S. Ghisla and V. Massey, manuscript in preparation.
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RESULTS

Glycollate as a Substrate of Lactate Oxidase-Lactate
oxidase recognizes glycollate the same way it recognizes a
conventionalsubstratesuchas
L-lactate (13), oxidizing it
catalytically,withtheconsumption
of oxygen. Whenthis
catalyticactivity is measured by the oxygen electrode by
estimations of the initial rateof oxygen consumption, a max-
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FIG. 1. Steady state turnover of lactate oxidase with glycollate a n d 0 2 . A , Primary plots obtained in 0.01 M imidazole, pH 7.0,
25°C. The oxygen concentrations were 2.6 X
M (O"-O),
6.5 x
M (M
and
),
1.3 X
M (A-A).
Oxygen consumption
was monitored with a Yellow Springs Instrument oxygen electrode.
B , secondary plots of intercepts (~[glycollatel])from primary plots
such as those of A . 0, 'Hz-glycollate, results of A . 0,
bottom, 'Hpglycollate, 0,
top, zHz-glycollate,both obtained in 0.1 M imidazole, pH
7.0. 25°C.

imal turnover numberof -66 to 70 min" can be estimated a t
pH 7.0 (m[O2], m[glycollate]) (Fig. 1). With [2-2H2]glycollate,
is significantly smaller (-20 min-I,
thecatalyticturnover
under the same conditions) (Fig. 1). These values yield an
isotope effect for the a-1Hz/2Hz substrates
of 3.6,a value which
is practically identical to thatfound on the turnover number
with a-'H/'H-L-lactate (14),indicating that the step
involving
breakage of the a-hydrogen bond is largely rate-limiting for
the overall catalytic process.
With [2,R-'H]- and [2,S-2H]glycollates, a thorough studyof
the steady state kinetics was not carried out because of the
large amounts of substrate which would be required. However,
from five experiments at varying concentrations of [2,S-*H]glycollate, the initial rate of oxygen uptake was found to be
comparable (+20%) to that obtained with a-protioglycollate.
On the other hand, in similar experiments with [2,R-'H]glycollate, a large isotope effect wasfound, the ratebeing in fact
-30% slower than with [2-2H2]glycollate, i.e. the apparent
isotope effect obtained with the [2-R-2H]substrate is larger
than that with [2-*Hz]glycollate. A possible explanation for
these findings will be given under "Discussion."
Formic acid was identified qualitatively asa reaction product of the oxidation of glycollate, bygas chromatography, and
enzymatically with formate dehydrogenase from yeast (26).
M) is slowly stirred at 25°C
Whenlactate oxidase (-3 X
in 100% oxygen atmosphere ([o,] -1.3 X lo-" M) with 2 x
M aliquots of glycollate added at 30-min intervals, the
formation of 90 & 20% of the theoreticallypossible amount of
formate was demonstrated with an enzymatic testusing yeast
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and ethanol, or ethanol-ds, with immobilized yeast alcohol dehydrogenase, were essentially prepared according to a published procedure
(19) which was scaled up for the preparation of approximately millimole quantities of the coenzymes.
Preparation of Deuterated Glycollates-Due to thefact that oxalic
acid normally contains water of crystallization, "deuterated" oxalic
acid was prepared from oxalic acid dimethyl ester by hydrolysis at
lOooC in 'H,O. This acid was then reduced with magnesium in 'Hz0
to yield a-deuteroglyoxylic acid (20). The deuteration was estimated
to be >98% by NMR.
a-Dideuteroglycollate ([2-2-2H~Jglycollate)-Sodiuma-deuteroglyoxylate (800mg; 8.5 nmols) in 20 ml of 0.05 M potassium phosphate
buffer, pH 7.0, was reacted with NaB2H4( 1 0 0 mg, 2.5 mmols) for 2 h
at O"C, and then for 1 h at 60°C. The pH then was adjusted to -1
with HCI, the mixture was extracted for 48 h with ether, the solvent
was evaporated, and the oily residue was dissolved in 2 ml of water,
neutralized with LiOH; 50mgof
charcoal was added and, after
filtration, the lithium salt was precipitated with isopropyl alcohol.
The white material was recrystallized twice from water/isopropyl
alcohol; yield, 420mg (-60%). The compound does not contain
carbon-bound protons according to NMR. Noglyoxylic acid was
detected with phenylhydrazine (21). However, its content, according
to the chromotropic acid test (22), indicates the presence of approximately one water molecule of crystallization.
[2,R-2H]glycollate and [2,S-2HJglycollate-A solution of 2.69 g of
NADH (3.0 mmols) and IO4 mg(2.6 mmol) of a-deuteroglyoxylic
acid in 100 ml of 0.05 M phosphate buffer, pH 7.3, was incubated at
25°C with 2 mg of L. Zeichmanii o-lactate dehydrogenase (Boehringer
Mannheim). The course of the reaction was followed spectrophotometrically, by monitoring the decrease of AWI of NADH and by
determination of glyoxylate with NADH and L-lactate dehydrogenase
(23). After 12 h, the reaction was terminated by adjusting the pH to
-1 with HCI. Isolation of the product was carried out as described
above for the a-dideutero acid. The crude product was recrystallized
twice from water/isopropyl alcohol to yield 90 mg of the lithium salt
of [2,R-'H]glycollate. No glyoxylate could be detected with the phenylhydrazone test (21) ('H content 286% by mass spectroscopy). [2,S'H]Glycollate was prepared in an analogous fashion, but with the use
of hog muscle L-lactate dehydrogenase. It was also shown to be free
of glyoxylate by the phenylhydrazone test and to have a content of
>95% glycollate by the chromotropic test ('H content 292% by mass
spectroscopy). [2,R-2H]Glycollatewas also prepared using hogmuscle
L-lactate dehydrogenase, glyoxylate, and NAD'H (19) (*H content
%%% by mass spectroscopy).
Methods-Static absorption spectra were recorded with a Cary 17
or 118 recording spectrophotometer. Fluorescence spectra were recorded with a ratio-recording instrument built by Dr. D. Ballou and
Mr. G. Ford of the University of Michigan, which is similar to one
described earlier (24). The rapid kinetic measurements were carried
out at 25'C with the stopped flow apparatus of Gibson and Milnes
(25), or with a newly designed stopped flow spectrophotometer (3).
Activity measurements were carried out as described previously (13)
with an oxygen electrode (Yellow Springs Instrument Co. model 53);
for measurements extending over periods >10 min, the aqueous
solution in the capillary of the reaction vesselwas layered with
paraffin in order to minimize oxygen diffusion.
Peroxidase assays were
carried out as described earlier (13). Formate was determined with
formate dehydrogenase by an adaptation of the method of Hopner
and Knappe(26),using the yeast enzyme from Boehringer Mannheim.
Qualitative measurements were done with a Shimadzu Seisakusho,
Ltd. GC-3BT-gas-liquid chromatograph. For anaerobic experiments,
Thunberg-type cells were used. Glyoxylate was assayed with L-lactate
dehydrogenase and NADH by the methods described for pyruvate
(23). NMR spectra were recorded with a Varian EM-390 spectrometer. Mass spectrographic analyses were carried out by Dr. T. Kuster,
(Kinderspital, Zurich) with a Finnigan 3200 GCMS-instrument
equipped with a Sp IO00 column. Radioactivity measurements were
carried out with a Packard Tri-Carb model 574 scintillation counter
in the mixture Quickszint 294 (Koch-Light Laboratories).
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point, oxygen uptake still proceeds at a nearly constant rate;
from this is can be estimated that the enzyme is present in
-4% its active, and -96% its inactive form at this stage.
That the enzyme inactivation is not due to formation of a
specific inhibitor (other thanoxalate) in shown in Fig. 2. The
addition of a second aliquot of lactate oxidase, after thesystem
has reached the equilibrium inactivation stage, results in an
initial rate of oxygen uptake similar to that expected for a
noninhibited reaction at thatconcentration of 02.
Spectral Course of the Lactate Oxidase Reaction with
Glycollate: Formation of Fluorescent Intermediates-The
anaerobic reaction of lactate oxidase with glycollate results in
the disappearance of the absorption of the oxidized flavinand
formation of a species which has aspectrum closely resembling
that of uncomplexed, fullyreduced enzyme, but not identical
with it (Fig. 3). Two main spectral differences between the
L-lactate and the glycollate reactions exist. With L-lactate, a
species with significant absorption in the 450 nm range, with
a long wavelength tail extending up to 600 nm, is fist formed,
which is due to the formation of the reduced enzyme pyruvate complex (13), and which then slowly decays (t%= -0.3
min) (13) to the reduced enzyme (Fig. 3). With glycollate, no
long wavelength absorption is seen even in the millisecond
time range (c6 below); the final species appears to be formed
0
directly. The spectrum obtained fromglycollate reduction
differs fromthat obtained with lactate in that ithas a narrower
This partitioning is somewhat dependent on the pH of the absorption band in the near UV, a maximum shifted by -5
assay solution, the most uncoupling being observed at pH 7 , nm to -360 nm, and a lower absorption throughout the 300 to
while at pH 6 and pH 5, 90 and 95% of the reaction, respec- 500 nm region (Fig. 3).
tively, proceeds through the "normal" decarboxylation pathIn contrast to the minor spectral differences, dramatic difway. That glyoxylate is formed, and that it is, itself, a substrate ferences in the reactions of lactate and glycollate are seen
of lactate oxidase, can be easily demonstrated by anaerobic fluorimetrically. With lactate, the nonfluorescent reduced enreaction of the enzyme with less than stoichiometric concen- zyme-pyruvate complex is fist formed, which subsequently
trations of glycollate added. Almosttwice theamount of decays to free reduced enzyme emitting at 507 nm (28) (cfi
enzyme flavin is reduced than glycollate added. On reoxida- Fig. 4, Curve 2 ) . With glycollate, a species with a strong bluish
tion, the presence of oxalate is readily detected, both by its fluorescence (X,,,
emission = 465 n m ) is formed immediately
typical perturbation of the absorption spectrum and by the (Fig. 4, Curve I). The fluorescence gradually shifts to that of
formation of the reduced flavin carbonate adduct on illumi- reduced enzyme with a t%of 45 to 50 min at 25°C. Analysis of
nation (27).'
Progressive Inactivation of Lactate Oxidaseduring Turnover-The enzymatic oxidation of glycollate differsmarkedly
from that of the normal substrate L-lactate in that a significant
fall-off in the rate of O2 uptake is observed as the reaction
proceeds. This decrease of the catalytic rate is far too large to
be explained by the K , values of either glycollate or 0 2 . As
pointed out above, the oxidation of glycollate produces significant amounts of oxalate, which itself is one
of the most potent
inhibitors of the enzyme ( 7 ) . However, a similar progressive
inactivation is observed when the assay is carried out in the
presence of hydroxylamine, or in the coupled assay with
NADH and lactate dehydrogenase. Under these conditions,
glyoxylate should be effectively eliminated from the mixture,
and oxalate production should thus be minimal. The course
."---I
I
I
I
of the progressive inactivation is demonstrated in Fig.2 where
5
15
20
25
IO
the oxygen consumption was followed with an oxygen elecTIME ( min)
trode. This experiment also showsthat the activity decreases
FIG. 2. Demonstration of inactivation of lactate oxidase durgradually to a point (15 to 30 min) where a state of rather ing turnover with glycollate. A 0.1" solution of glycollate in 2.5
constant activity is obtained. When the activity of the enzyme mM imidazole.HCl, pH 7.0, containing 5 mM semicarbazidewas
is estimated at theintervals shown (Fig. 2, inset ), it is apparent saturated at 25°C with 0,. At the times shown by the arrows, two
that both the rate of O2 consumption and the rate of inacti- aliquots of lactate oxidasetofinalconcentrations of 2.8 PM were
was monitored with
vation are initially fairly linear. The comparison of these added. The course of oxygen consumption (-)
Yellow Springs Instrument oxygen electrode. The activity of the
processes on a molar basis indicates that the rate
of 0 2 aenzyme
at the various pointsin time shownin the insetwas estimated
consumption and that of enzyme inactivation proceed at a from the slope of an expanded trace, and by taking the actual oxygen
ratio of -3001. It should also be noted that an equilibrium concentration at the same time from the oxygen electrode reading.
state appears tobe obtained after 20 to 30 min of incubation, The inset shows the micromoles of 0 2 consumed (M
and
)the
,
indicating that the inactivation must be reversible. At this nanomoles of inactivated enzyme ( l 3 " - C l ) at the given times. The
upper and lower dashed lines represent the total concentrations of
0,and enzyme, respectively, at the beginning of the reaction.
We are indebted to Dr. Y. S . Choong for these measurements.
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formate dehydrogenase. Such a procedure was chosen in
order
to avoid an oxygen deficiencyin the system, which would lead
to production of glyoxylate. A high concentration of enzyme
is also needed as lactate oxidase is inactivated by aerobic
turnover with glycollate. In similar experiments, but using [U14
Clglycollate as substrate, approximately 50% of the radioactivity was released as 14C02. Thus, an oxidative decarboxylation appears tooccur as in the case of the normal substrate,
L-lactate (13). However, other products are also formed. When
the catalytic reaction is coupled, at pH 7, 25"C, with heart
muscle lactate dehydrogenase, NADH-oxidation is shown to
occur (indicating ketoacid production) at a rate -20% that of
the oxygen disappearance. The same rate is found for the
production of H20n in a similar coupled assay (13). These
results demonstrate a partial "uncoupling" of the monooxygenase reaction, i.e. the main path proceeding through the
normal oxidative decarboxylation steps to form formate, water, and C02, with the remaining reaction yielding glyoxylate
and H202:
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emission at 465 nm is followed, a rapid increase is first observed, which is then followed by a much slower phase (Fig.
6). The extent of the rapid phase, as well as that of the slow
phase, is dependent on the glyoxylate concentration, while the
half-time of the second phase (-10 min) appears to be fairly
constant (Fig. 6). During this process, free reduced enzyme is
converted to the same species as observed from the reaction
of oxidized enzyme and glycollate, as shown by the fluorescence spectra of Fig. 4. At the end of the incubation, when no
further changes are observed, the fluorescence emission (Fig.
4, Curve 4 ) is closely similar to that obtained from oxidized

300

LOO
, 500
WAVELENGTH ( n m )

FIG. 3. Formation of fluorescent adduct(s) from the aaaerobic reaction of lactate oxidase with glycollate. A solution of

the emission spectrum obtained within 2 min of reaction with
glycollate indicates that the spectrum is composed of -50%
the emision of reduced enzyme and -50% that of the species
at 465 nm.
with, , ,X
The accumulation of an air-stable fluorescent species by
turnover under aerobic conditions is shvwn in Fig. 5. In this
experiment, begun anaerobically by mixing enzyme with glycollate, air was admitted after recording the fluorescenceemission spectrum. Reoxidation of reduced enzyme was evident by transient appearance of the yellow color of oxidized
enzyme on shaking with air. However, the yellow color was
largely bleached again during the time required to replace the
cell in a recording instrument. In a similar way, a partial
disappearance of the 460 nm fluorescence emissionoccurs on
mixing with air; however, as shown in Fig. 5, this is followed
by the appearanceof more fluorescence than observed anaerobically. After several such cycles,inwhichprogressively
smaller increases are observed, no further changes occur. The
emission spectrum of the resulting air-stable fluorescent species is very simiiar to that of the anaerobic sample (compare
Fig. 4). The accumulation of the air-stable species can be
correlated with the accumulation of inactive enzyme during
catalytic turnover (Fig. 2). That it is indeed a rather stable
enzyme species is documented in a following paper'; it can be
isolated practically unchanged at 2-4°C by gel-filtration on
Sephadex G-25 to separate it from excesssubstrate and products (see Fig. 3).
Formation of Fluorescent Intermediates from Reduced
Lactate Oxidase and Glyoxylate-The fluorescent reduced
lactate oxidase rapidly forms nonfluorescent complexes with
a-ketoacids (13) and these complexes can then slowly revert
to oxidizedenzyme and the corresponding hydroxyacid, if
driven by a sufficient excess of ketoacid. In the case of pyruvate, this "reoxidation" has a value of 20.2 min". The fluorescence of the reduced enzyme (Fig. 4, Curve 2) is substantially quenched immediately after glyoxylate addition, while
a new emission with a A,
at 465 nm is formed. When the

Emission Wavelength [nm]

FIG. 4. Fluorescence emission spectra of lactate oxidase. All
spectra were recorded in 0.01 M imidazole, pH 7.0, 2-4"C, at concentrations around
M and normalized to the same concentration.
The excitation wavelength was 355 nm, which is close to optimal both
for free-reduced enzyme and for the glycollyl adducts. It should be
noted that the oxidized enzyme has no fluorescence. Curve 1, spectrum recorded 3 min after oxidized enzyme mixed with 20 mM glycollate anaerobically; Curve 2, reduced enzyme, recorded after complete
dissociation of the reduced enzyme-pyruvate complex, produced by
addition of 2 mM L-lactate; Curve 3, same as Curve 2, 1 min after the
addition of 0.1 M glyoxylate; Curve 4, same as Curve 3, after incubation
at 25°C for 60 min (no furtherchanges occurred on longer incubation);
Curve 5,product of the photochemical reaction with tartronate, made
as described in the previous paper (10).For corresponding absorption
spectra, see Fig. 3.

Aerobic-l

Anaerobic

5

Time lminl

10

'

JP

400
500
600
Emission Wavelength inml

Frc. 5. Effect of mixing with 0 2 on the fluorescence arising
from reaction of oxidized enzyme with glycollate. Lactate oxidase, in 0.01 M imidazole, pH 7.0,25OC, was mixedanaerobically with
50 mM glycollate, and the emission spectrum was recorded. Air was
then admitted and mixed well at the times shown by the arrows.
Excitation wavelength, 355 nm, emission wavelength 465 nm, except
when spectra were recorded.
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the oxidized enzyme (3 X
M, in 0.01 M imidazole.HC1, pH 7.0),
solid upper curue, was reacted anaerobically with 0.01 M glycollate,
and the spectrum of the reduced species, solid lower curve, was
recorded immediately (20 s). This species represents a mixture of
mainly labile Adduct,, stable Adduct*, and some free reduced enzyme.
The spectrum of the latter (. . ..) was obtained in a separateexperiment by reaction with L-lactate and was recorded after decay of the
intermediate reduced enzyme.ppvate complex (13). For comparison, the dashed curve (- - -) shows the spectrum of isolated stable
Adduct, (containing 15% oxidized enzyme), which can be obtained
either photochemically (10)or by aerobic turnover with glycollate as
detailed in the legend to Fig. 5. The fluorescence emission spectra of
these species are shown in Fig. 4.
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of the reaction. From such experiments, summarized in the
-13
legend to Fig. 7 , the rateof reduction can be estimated as
s”, and theKd for the formationof the Michaelis complex as
0.05 M. Both values are well within the range of those found
(13). Theseresultsare
in marked
withnormalsubstrates
contrast to those obtained with
L-lactate and other a-hydroxyacids, where intermediate charge-transfer absorption due to
reduced enzyme. a-ketoacidcomplexes is observed (13). Oxalate is unique inbeing the only known non-ketoacid product.
is simply a typical
For the same reason, the catalytic reaction
oxidase reaction rather than anoxidative decarboxylation, as
it normally is withthis enzyme. (The oxidative decarboxylaI
tionhas beenshown to beaconsequence
of the kinetic
0
20
40
a
ternary
complex
of
enzyme
and
its primary
stability
of
TIME lminl
FIG. 6. Effect of glyoxylate concentration on formation of products, C,-ketoacid and HzOz, which react while still enfluorescent adducts from reduced lactate oxidase. Enzyme, in zyme-bound, to give the final products, COz, H 2 0 and C,n.I,0.01 M imidazole, pH 7.0, 25”C, was reduced with 2 mM L-lactate and saturated acid (13).)
then reacted anaerobically with glyoxylate. Fluorescence was moniDemonstration of the Catalytic Viability of One of the
tored with excitation wavelength 355 nm, emission wavelength 465 Fluorescent Intermediates-That the fluorescent species pronm. Bottom curue, 5 mM glyoxylate; top curue, 24 mM glyoxylate. In duced initially in the reaction
of lactate oxidase with glycollate
another experiment (not shown), only slightly higher fluorescence
a
species
in
rapid
equilibrium
with it) can react with
02,is
(or
yields were obtained with 45 mM glyoxylate. It should be noted that
the fluorescence increase is biphasic,a minor part occurring rapidly. shown by the experimentsof Fig. 8. These experimentswere
The amplitude of both phases is dependenton glyoxyIate concentra- carried out with the stopped flow spectrophotometer, opertion, with saturating effect exhibited by -50 mM.
ating in both the absorbance andfluorescence modes, following thereaction of enzymewith 0.05 M glycollate, either
enzyme and glycollate. The formation of this fluorescence is anaerobically or in the presence of 6.5 X
M 02.The
remarkably dependent on the temperature; thus, when the
bleaching of the absorbance at460 nm and the development
reduced enzyme-glyoxylate incubation is carried outat 45”C, of fluorescence are clearly complementary, monitoring in large
almost twice the emission intensity is obtained, though the
measure the same event. As wiU be demonstrated in Fig. 10,
the rate of formation of the fluorescent species, measured
spectral shape is retained.
anaerobically, is closely similar to the maximum velocity of
Synthesis of AsymmetricallyLabeled Glycollates-The
preparation of the stereospecifically labeled glycollates used
the catalytic reaction. Hence, it would be expected, if this
were a catalytically viable species, that its formation is ratefor kinetic measurements deserves some comment. The reO2 must be considerably
duction of glyoxylate by NADH catalyzed by L-lactate dehy- limiting, andthatreactionwith
drogenase frommuscle has been shown by neutron and x-ray faster. This expectationis borne out by the results shown in
Fig. 8. When catalytic turnover is permitted by the inclusion
diffraction to introduce the Re-hydrogen (29). Though this
when steady
qualitative conclusion undoubtedly is correct, no quantitative of O2 in the reactionmixture, it can be seen that
information was given about the percentage of deuteration state is obtained (-5 s), most of the enzyme is in the oxidized
form, with a low steady statelevel of the fluorescent species.
(i.e. eventual exchange) or the selectivity of the reaction.
Weber (30) reached the same stereochemicalconclusion by a As the oxygen is consumedin thecatalyticreaction,the
different approach, including enzymatic and chemical tech- enzyme gradually accumulates in the fluorescent state as it
niques. The data,however, didnot exclude the possibility that does under anaerobic conditions. In principle, such reaction
some exchange of deuterium with solvent protons might have
occurred. Similarly, no quantitative informationexists on the
stereospecificity of bacterial D-lactate dehydrogenase. Glycollate oxidase from plants, which oxidizes the L-form of lactate
and which is assumed to be Re-specific (31-33), also removes
the Re-label from
3H-glycollate, which was
prepared by methods simiiar to those described under “Experimental Procedures” (31).For thesereasons, qualitative mechanistic conclusions obtained from investigation withselectively
such
labeled
glycollates appear justified, while quantitativedeductions
should be drawn with duecare.
The Reaction of Glyoxylate with Oxidized Lactate Oxidase-Glyoxylate is a substrate of lactate oxidase, as can be
shown by the catalytic uptake of oxygen. However, oxalate is
produced from this reaction, and this
dicarboxylic acid is one
of the most potent inhibitorsof the enzyme ( K d = 1.5 X
M, at pH 7.0) (27); therefore, theusual catalytic assays cannot
be easily used for activity measurements due to rapid proqGlyoxylate] (Mi]
gressive inactivation. The reaction withglyoxylate is, however,
FIG.
7.
Effect
of
glyoxylate
concentration on the observed
of particular interest.Its activity as a substrate must certainly
be due to the
presence of the hydratedspecies, the formwhich first order ratesof reduction of lactate oxidase. Enzyme, in 0.01
M imidazole, pH 7.0,was reacted anaerobically in a stopped flow
occurs predominantly in aqueous solution(34).
apparatus, with glyoxylate at the concentration shown; the reduction
When the reduction of L-lactate oxidase by glyoxylate is was followed by the absorbance decreaseat 460 nm. The reaction was
followed under anaerobic conditions in stopped flow experi- accurately first order for
at least 5 to 6 half-lives at all concentrations
ments, the reactionis monophasic for at least 5 to 6 half-lives tested.
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FIG. 8. Turnover experiments with lactate oxidase and glycollate. Enzyme(2.5 X
M with
respecttoboundFMN)and
substrate (50 mM glycollate) in 0.01 M imidazole, pH 7.0, was mixed
at 25°C in a stopped flow apparatus, either anaerobically (short time
curues) orin the presence of 6.5 X
M 0
2 (longer time curues).
The reaction was followed either by absorbance at 450nm (top
curues) or by fluorescence (bottom curues).The latter was measured
by excitation at 370 nm; the emitted fluorescencewas filteredthrough
a Corning CS-372 filter placed between the cell and the photodetection system. This filter excludes light of wavelengths below 440 nm;
its use is necessary to eliminate stray excitation light.

species whichare in rapid
equilibrium with it, to form
reduced
enzyme (cf.also Fig. 13, below).
The emission spectrum (as well as companion absorption
spectra) taken after L-lactate addition (Fig. 9 B ) can be estimated to originate from-73.5% uncomplexed E,d and -26.5%
of a stable adduct, from a calculation based on the emission
characteristics shown in Fig. 4. A closely similar amount of
stable adduct (-25%) can be separated by Sephadex chromatography (16). From thedifference in fluorescence emission
spectra obtained upon quenching with
L-lactate, it can be
estimated that -36.5% total enzyme was present as a labile
adduct which has fluorescence properties closely similar to
those of the stable adduct and
which wasconverted to reduced
enzyme on addition
of L-lactate. By a bookkeeping procedure,
the composition of the mixture existing prior to quenching,
be
and after -15 min of incubation,canbeestimatedto
composed of 36.5%of a labileadduct, 26.5% of a stable adduct,
30% reduced enzyme species, and -7% Eox.
These results demonstrate that two adducts with closely
similar spectral and fluorescence properties,but withdistinctly differentchemical reactivity,are formed concomitantly. They are termed Adduct]
(labile) and AdductP (stable)
(Fig. 13, below).
Evidence that Oxidized Enzymes and Labile Adducts are
in Equilibrium; that Reduced Enzyme and Stable Adducts
are Formed"Irreversibly a t 0°C-The experiments of Figs.
5 and 8 show that the labile adduct must be in rapid equilibrium with an oxygen-reactive species, most probably the Ered.
glyoxylate complex (cf. Fig. 13, below). From the quenching
experiments described in the legend to Fig. 9, this adduct
must also be in equilibrium with oxidized enzyme.
When analyses such as those of Fig. 9 are carried out as
function of time of incubation at O'C, most oxidized enzyme
start of the reaction,
is seen to disappear rapidly after the
forming mainly unstable adduct, togetherwith some 5 to 10%
"

curves can be used to obtain Lineweaver-Burk plots of catalytic turnover numbers (35); in the present case this cannot
be done accurately because of the accumulation during turnover of a n inactive enzyme species of similar fluorescence
properties (see previous section).However, it is important to
A
B
point out that even with this restriction, the estimated turnover number is not very different from that observed catalytically. Thus, from the tracesof Fig. 8, it can be seen that by
60 s most of the O2 had been consumed. As the initial enzyme
M and the initial 0 2 concentration
concentration was 2.5 X
M, thiscorrespondsto
a turnovernumber of
was 6.5 x
2 2 7 rnin". Underthesameexperimental
conditions, the
measured catalytic turnover number is 40 min" (Fig. 1). The
difference is readily accounted for by the accumulation of
inactive enzyme during the time
course of the aerobic turnover
of Fig. 8.
Evidence for Two Distinct Glycollyl-Flavin Adducts on
Anaerobic Reaction of Lactate Oxidase with Glycollate1
15
450
500
550
5
io
The occurrence of two distinct glycollyl adducts can be demT I M E lminl
EMISSION W A V E L E N G T H
onstrated directly by the experiments of Fig. 9. At -O"C, the
FIG. 9. Removal of the unstable glycollyl adduct from the
different reactions of the system appear to slowed
be
down to reaction equilibriumby addition of L-lactate. A , lactate oxidase,
suchanextentthattheycan
be monitored with normal 1 x lo-' M, was mixed anaerobically at 2-4°C with 20 mM glycollate,
355emission
of and the fluorescence followed, excitation wavelength nm,
experimental equipment. Thus, after anaerobic addition
a
glycollate to the oxidized enzyme, a burst of fluorescence wavelength 465 nm. At 14 min, L-lactate (59 mM) was added from
emission is observed (Fig. 9A), which is followed by a slower second side arm of the anaerobic cuvette. The fluorescence dropped
rapidly toa new stable value as shown. B, solid line emission spectrum
increase and then by
a much slowerdecrease.Absorption
recorded at 10 min after glycollate (-)
and dashed line, 10 min
spectra taken after -5 min (not shown) indicate that, at this after subsequent additionof L-lactate (- - -). 0, Calculated emission
point in time, oxidized enzyme is present only to a minor for 63% of glycollyl Adducts 1 and 2, 30% free reduced enzyme, and
extent (-7%). The emission spectra, however, indicate the
7% oxidized enzyme (the latter value was obtained from the absorppresence of chromophore(s) emitting at 465 nm (Fig. 9B). tion spectrum (cf. Fig. 3)); 0, calculated for 73.5% reduced enzyme
When L-lactate is then added, a rapid (tl,t -0.5 min at OOC) and 26.5% stable adduct. From these analyses, it can be calculated
decrease of approximately half the fluorescence occurs. L- that before lactate addition, 36.5% of the enzyme was in the form of
labile adduct and 26.5% as stable adduct. The fluorescence of both
Lactate can react only with oxidized enzyme, which it effec- adducts was assumed tobe the same, and equal to that of the adduct
tively traps by reducing it irreversibly under anaerobic con- formed from tartronate-light irradiation (cf. Fig. 4 for relative fluoditions (13); thus, it will remove oxidized enzyme and any
rescence spectra).

= I
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FIG. 10. Time course of distribution of enzyme forms when
lactate oxidase is mixed anaerobically with 20 m~ glycollate,
0.01 M imidazole-HC1, pH 7.0, temperature 2-4°C. Total adduct
concentration was measured fluorimetrically as shown in Fig. 9, with
the fluorescence of the stable adduct from tartronate-lightirradiation
as standard. Unstable adduct (Adductl) was measuredby the fluorescence decrease on adding L-lactate in experiments such as those of
Fig. 9. Stable adduct (Adducts) was measuredby two independent
methods, which agreed well with each other (1+5%).First,itwas
estimated from the fluorescence remaining after the addition of Llactate (cf. Fig. 9). Second, itwas estimated by the recovery of
oxidized enzyme obtained on incubation (t112 = 20 min, 25°C) after
gel filtration (16). Oxidized enzyme forms (EFI,,) were estimated from
the absorbance at 450 nm (cf. Fig. 3). Reduced enzyme (EFld) was
estimated by difference, and in some cases, bycurve analysis, as
shown in Fig. 9.
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stable adduct. This indicates that, at0°C in the fist catalytic
event(s), and in the absence of oxygen, the ratio of the limiting
steps for the formation of unstable and stable adducts is of
the order of lO:l, and thus, muchlower than the ratio of
cata1ysis:inactivation estimated from turnover assays. The
first phase of the reaction appears to have reached completion
after some 5 min; it is followed by a set of changes occurring
at much slower rates. Formation of reduced enzyme is then
observed to occur at a rate (tip -15 min) similar to the rate
of disappearance of the unstable adduct (tl/P-18 min). This
indicates that the latter indeed decays to a large extent to
reduced enzyme, but also to the stable adduct,
which isformed
at a significantly slower rate (tIl2-25 min). The sum of total
adducts (Fig. lo), is also seen to be reflected qualitatively by
the fluorescence changes shown in Fig. 9 for approximately
the first 10 rnin of the reaction. After 90 min, the system has
come virtually to an end point, no further significant changes
being observed over hours at 0°C. This is interpreted as being
due to two factors. First, the formation of reduced enzyme
should be essentially irreversible under the conditions of Figs.
9 and 10, since glyoxylate is formed only in stoichiometric
amounts and is present mainly as the hydrate (34) and so
should not be able to compete effectively in reoxidizing the
enzyme. Second, the formation of the stable adduct is also
virtually an irreversible process at O"C, the adduct having a
half-time for decay at this temperature of-600 min'. After
addition of glycollate, the system thus appears first to enter
an equilibrium, which is then displaced by these two irreversible competing pathways. The ratio of reduced enzyme and
stable adduct obtained finally should therefore reflect the
ratio of the limiting steps in both pathways, which should
thus be -3:2 at 0°C. The processes occurring at 0°C in the
time scale of Fig. 10 are taken as being comparable, at least
qualitatively, to theevents occurring in the 100-s time scale at
25"C, which will be described below (Fig. 11). Because of the
large temperature dependence of all known reactions of this
enzyme ( 7 , 15), the reactions occurring at 0°C wouldbe
expected to be some 20 to 30 times slower than at 25°C. This
is confirmed by an experiment similar to that in Fig. 9. After
5 min at 25"C, the same product distribution of 60% reduced
enzyme and 40% stable adduct was found as at 100 min at
0°C; the addition of L-lactate was without effect on the fluorescence, indicating that no labile adduct remained.
Stopped Flow Anaerobic Studies: Biphasic Reaction o f
Glycollate-When lactate oxidase is mixed anaerobically with
[2-'H2]glycollatein the stopped flow spectrophotometer, the
course of disappearance of the 460 nm absorption band (cf.
Fig. 3) is distinctly biphasic (Fig. 11).While the fast phase of
this processshows a dependence on the concentration of
glycollate,which is typical for a reaction arising from an
enzyme-substrate complex (cf. Fig.12,below), the second
slow phase appears to be substantially independent of the
glycollate concentration. When the reduction is carried out
with [2-2H2]glycollate,the initial fast phase shows a kinetic
isotope effect, while the rate of the second phase appears to
be largelyunaffected, ie. atthe concentration shown (Fig. ll),
both slow phases have a rate of 0.6 min". It is important to
note that the amount of reduction occurring in the fast as
compared to the slow phase varies with the isotopic substitution. Thus, with normal glycollate, -85% of the absorbance
changes occur in the fast phase while with [2-2H2]glycollate,
this amount is-65%. This is an indication of a rather complicated reaction course. When the same reactions are followed
fluorimetrically, there is also a biphasic development of fluorescence (16).Analysis of the fluorescence emissionspectrum
shows that theamount of fluorescence emission at 465 nm can
account for onlyabout 50%the total disappearance of oxidized

of Lactate
Oxidase

AA
OK)

0 05

20

40

60

80

1 0 0

sec
WIG. 11. Deuterium isotope effect on the reaction of lactate
M with respect to
oxidase with glycollate. Enzyme, 1.5 X

bound FMN, was mixed anaerobically in a stopped flow apparatus
with either 25 mM 'Ha-glycollate (lower curves) or 25 mM 2Ha-glycollate (upper curves) (reaction conditions, 0.01 M imidazole, pH 7.0,
25°C).

enzyme. From this, it is apparent that only about one-half the
possible amount of labile adduct is formed rapidly, and that
the adduct must be in rapid equilibrium with a species of low
fluorescence, which is reactive with 02 (cf. Fig. 8). The most
obvious species to possess such properties would be the reduced enzyme .glyoxylate complex (cf. Fig. 13, below). The
ratio of labile adduct to complex in this rapid equilibrium
would thus be -l:l. In view of the biphasic character of the
reaction course, the estimation of the
values for the fast
phase are susceptible to errors, particularly in the case of the
a-deuterated substrateswhere the rates of the two phases are
not well separated. In order not to prejudice the value by
undue interpretation, we have simply made an estimation of

kt,.
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kobsfrom the initial linear portion of semilogarithmic plots of

FIG. 12. Double reciprocal plotsof kabs values obtained from
primary data such as shown in Fig. 11. The kobs values were
obtained from the initial linear portions of semilogarithmic plots of
the total absorbance changes shown in Fig. 11. All experiments were
carried out in 0.01 M imidazole HCI, pH 7.0, 25°C.
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DISCUSSION

Several important points concerning the reaction mechanism of lactate oxidase have emerged from the study of its
reaction with glycollate. First, it has been shown that glycollate is a substrate undergoing the normal catalytic reaction,
with formate, COz, and H20 as
products. In addition, a limited
uncoupling of the oxidative decarboxylation pathway occurs
with glyoxylate and Hz02 as products. Glyoxylate is also a
substrate, but in conformity with the reaction pathway previously proposed for the enzyme (13), this is a simple oxidase
reaction with oxalate and H202 as products (oxalate is not
decarboxylated by H 2 0 2 in free solution, nor, apparently, is it
enzymically).
The second important point is that the reaction with glycollate involves formation of covalent adducts with the flavin
which can be readily distinguished from reduced enzyme by
their characteristic strong blue fluorescence, with emission
maximal at 465 nm. From the results, it is clear that two such
adducts areformed, oneof which, Adduct,, is capable of rapid
reaction with 0 2 , or, more probably, is in rapid equilibrium
with an 02-reactive enzyme species which is proposed to be
the reduced enzyme.glyoxylate complex (Fig. 13). The other,
Adductz, is not reactive with 0 2 , and is remarkably stable,
having a half-timefor decay at 25°C of 20 min. Evidence that

branch"

r------

I

pendent of the isotopic substitution and of the concentration
of glycollate, and hasa rate of -0.6 min".
While the qualitative validity of these conclusions is beyond
doubt, the quantitative values, as shown inFig. 12, might
contain considerable errors, perhaps as much as 30%. This
and
arises in part from the difficulties of estimation of Kobs
from the possible contamination of the Re- and Si-glycollates
with s m d amounts of the corresponding enantiomers. The
isotope effect of -4, found with [2,R-2H]glycollate,and which
compares to that of 3.6 found in turnover experiments with
[2-'H2]glycollate, could represent a "clean" primary effect,
while the isotope effect of 1.47 found with [2,S2H]glycollate
is at the upper limit expected for a secondary isotope effect
(36). The isotope effect found with [2-'Hz]glycollate will thus
reflect mainly the primary isotope effect but might also contain some contribution from a secondary isotope effect.
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FIG. 13. Postulated scheme for the reaction of glycollate with L-lactate oxidase. ( C f .Table I for estimated values of rate constants.)
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the whole absorbance change.
Deuterium Isotope Effects in the Formation of the Labile
Adduct-In order to locate the stepin the catalytic sequence
(cf. Fig. 13, below) which corresponds to breakage of the
glycollate cy-hydrogen bond, studies such as those of Fig. 11
were carried out with dideutero and selectively Re- or Sideuterated glycollates. From the magnitude of the isotope
effect observed using a-dideuteroglycollate, the fast phase of
absorbance decrease at 460 nm must indeed correspond to
this hydrogen abstraction reaction.As the decrease in absorption also proceeds concomitantly with the formation of the
labile adduct, as detected by the fluorescence increase at h =
465 nm (Fig. 8; Ref. 16), the formation of the adduct must
logically be in direct connection with hydrogen abstraction.
The observation of a substantial isotope effect on the rapid
phase only when [2,R-'Hlglycollate was used, but not with
the [2,S-2H]enantiomer (Fig. 12), strongly suggests that the
formation of the labile adduct aswell as therate-limiting step
in the catalytic sequence are processes involving a Re-selectivity of the enzyme with regard to glycollate. The slow phase
of absorbance decrease at 460 nm (Fig. 11) is largely inde-
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theseareenantiomeric
N(5)-glycollyl adducts will bepresented in a following paper.’ The stopped flow results (Fig.
12) show that under anaerobicconditions, the rate of formation of adduct is 70 rnin”, indicating that this is the ratelimiting stop in catalysis. It follows that most of the adduct
seen in the fist 10 s must be reactive Adduct’,with, at most,
a few per cent of the stable Adduct2,otherwise the catalytic
turnover number would be appreciably less than the rate of
adduct formation. A possible reaction scheme, which seems
to fit the observed data, is presented in Fig. 13. This scheme
involves a catalytic loop, similar to thatfound in the reaction
of the enzyme with L-lactate and otherL-a-hydroxyacids (13),
a bypass loop which could account, a t least partially, for the
production of H202 andglyoxylate, and an inhibition branch,
which accounts for the accumulation of stable adduct during
catalytic turnover and consequent inhibition (Figs. 2 and 5).
Table I lists values for the various rate constantswhich have
been deduced from various experiments. The steady state
data of Fig. 1 are typical of a ternary complex mechanism
such as that representedby the catalytic loop in Fig. 13, but
are unusual for this enzyme; all other substrates so far tested
yield a series of parallel Lineweaver-Burk plots rather than
the converging series of Fig. 1. This difference indicates a
kinetically significant reverse rate in the anaerobic half reaction with glycollate; in other words, a reversible equilibrium
must exist between the oxidized enzyme and glycollate and
the (oxygen-reactive) reduced enzyme.
glyoxylate complex. In
the case of other substrates, the anaerobic half-reaction appears to be essentially irreversible, thus accounting for the
parallel Lineweaver-Burk plots (13). The steady state data
(Fig. 1) and the stopped flow data (Fig. 11) are fit quite well
with values of k2 = 76 min” and k-2 = 13 min” for [ 2 ‘H.Jglycol1ate and k~ = 20 min“ and k-? = 13 min” for [2‘H2]glycollate. This behavior is consistent with the variable
amount of reduction observedin thefastphase
(Fig. 11)
depending on whether[2-’H2]glycollate or [2-’H2]glycollate is
used (85 and 65%, respectively). The reduction step, kl, is
kinetically equivalent with the breakageof the a-CHbond in
agreement with the observed isotope
effects of 4 to 6 (Fig. 12).
However, k 2 , the re-formationof the a-CH bond,is a process
including a step which should also have an isotope effect, as
it involves rupture of a base-H bond, and transfer
of the
proton to the transient carbanion. The
available data suggest
that its value isindeedrather small. As an example, the
comparablestep, k l z , for the decay of Adduct2 (Fig. 13),
which involves formation of the glycollate a-Hs, bond,shows
a deuterium isotope effect of only about 1.5.’Thus, theprocess
of interconversion of E,,-glycollate and E,d-Adductl (Fig. 13)

as represented by Steps kz and k-2 might result in different
equilibria depending on theisotope substitution of the glycollate.3
Evidence for the rapid equilibrium between the labile Adduct1 and the reduced enzyme glyoxylate complex, and approximately equal values for k3 and k 3 , comes from analysis
of the fluorescence emission spectrum, alreadydiscussed.
The slow phase of AMOdecrease (Fig. 11),which has an
observed rateof -0.6 rnin”, and which is largely independent
of the glycollate concentration, whether the substrateis deuterated or not, reflects the net
conversion of oxidized enzyme
species (highabsorption at 460 nm, cfi Fig. 3) to reduced
enzyme species, with a low A460. The two reduced enzyme
species, Adduct2 and freeEredr
are formed in the ratioof 2:3 as
products of this slow reaction at 25°C and, at the same ratio,
when the reaction course is analyzed at 0°C (Fig. 10). This
must reflect two parallel processes, proposed to be Steps kI2
and kq,which are practically irreversible under theconditions
of Figs. 10 and 11.They should be preceded
by an equilibrium
consisting of species connected by the reversible steps, k l l , kl,
kz, and k3, of Fig. 13. In the presence of oxygen, i.e. under
catalytic conditions, the formation of Adducts is indeed very
much slower, due to the competition
of Step ks, which renders
the “catalytic loop” operational. Thus, the observed rate of
0.6 min” will be composed of Steps k4 and 12’2, the velocity of
formation of the corresponding products being logically in the
ratio 3:2.
The existence of a n equilibrium extending fromAdductz to
reduced enzyme (sequence of reversible steps, k12,kll, kl, kat
k3, k4, of Fig. 13) is also illustrated by the fact that
conversion
of the typical adductfluorescence to that of reduced enzyme
occurs anaerobically much moreslowly, with a tlp2 at 25°C of
45 to 50 min (16). This conversion is presumably limited
largely by the breakdown of Adductl, which occurs with a
tIl2of20 min (i.e. k I 2 = 0.035 min”). The rate of Adductz
formation can onlybe evaluated indirectly. From theanalysis
of turnover experiments such as those of Fig. 2, it can be
of labile
estimated that the partition ratio between formation
Adductl and stableAdduct2 is in the range 300:l.
From the experiment of Fig. 2, the amounts of enzyme
present in the “inhibition branch,” as compared to the catalytic loop (Fig. 13) can be estimated as 4:96 at the point in
time when the system has reacheda “quasi equilibrium,” i.e.
after 20 to 40 min. This equilibrium situation between active
and inactive enzyme is governed by the slow step, k-12, the
decay of Adductz:

TABLEI
Estimated kinetic constants involved in the reaction of lactate
oxidase with glycollate
Reaction conditions; 0.01 M imidazole/chloride, pH 7.0.

As therate
of
is 0.035 min” (Table I), therate of
which should reflect the magnitude of
inactivation, kinactivation
the slow step, klz, can be estimated as 0.8 min”, and would
thus compare to
76 min” for kp. This ratioof k i n a c t i v a t d k z z1:
100 compares with the ratioof 1:300 estimated for the initial
rates of oxygen consumption/inactivation (Fig. 2). In view of
the complexity of the reaction schemeof Fig. 13, and of steps
such as kll and L I 1 of unknown magnitude, the correspond-

25°C

k-dk~

6.5 x

kz
k-2
kdk:)

76 (17)”min”
13 (13)“ min”’
-Ih
50.6 min-’ *

k4

+ kl,

0°C

1.8 x
6 min”
1 min”

k-4

ks
ks

2 X lo5M-’ min“

k7
k-1;

5.4 X 105M” min”
0.035 min”

wo min”

0.001 min”
The values in parentheses are for [2-2H2]glycollate.
cf.text.
Ref. 16.

k--12
Einactlve-

kmetwatton

Eactwe

’The magnitude of this effect on the equilibria would appearto be
exceptionally high for a simple equilibrium isotope effect (37),and an
explanation does not appear to be readily at hand. It is conceivable
that a trifunctional base serves to abstract the proton, the rate of the
reverse reaction then being reduced by a corresponding amount.
Another explanation, the exchange of the abstracted protonwith
solvent, appears rather improbable. Such an exchange does not occur
with the parallel Adduct2,‘and direct evidence for shielding from the
solvent has been obtained from elimination studies with P-C1-lactate
(38).
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ence of these values to those obtained
by stopped flow exper- With dideuteroglycollate, kg would not be expected to be
different, and V,,, would now be (17 X 900)/(917) -16.7
iments can beconsidered more than reasonable.
As the normal oxidative decarboxylation pathway involves rnin". Hence, the deuteriumisotope effect would be expected
the rapid reaction of 0 2 with the reduced enzyme-ketoacid to be -4.2, almost exactly as found. Similarly, good fits to
complex toform asufficiently stableternary complex to expectation are obtainedfor the Michaelis constants for gly= (&(k--l + k z ) ) / ( k - ~(kz
collate and 02.The former, Kglycollate
permit the oxidative decarboxylation reaction between en. kg >> kz, and k-l >> Kz, this expression simplifies to
zyme-bound ketoacid andHz02 to occur (13), a similar path- + k g ) ) As
very similar value of k - l / k l
involving formation k 1 / K 1 . This is in accord with the
way is envisaged for the catalytic reaction
of formate, CO,, and HzO. With most substrates, the product obtained from the stoppedflow data of Fig. 12 and theKR~ycol~ata
(Fig. l),which
release step, or more probably the decarboxylation reaction measured in steady state turnover experiments
preceding it, is partiallyrate-limiting (13); in the case of also yield the same K , value for dideuteroglycollate. On the
other hand, theKO, value for dideuteroglycollate (2.2 X
glycollate, this step, ks, does not appear rate-limiting.
The most obvious route to account for the uncoupled cat- M) is lower than that for the hydrogen substrate (4.2 X
alytic reactionyielding glyoxylate and Hz02 as products would M), again in agreement with expectation. KO, is given by (hs
, simplifies to
be the bottom pathway
involving the release of glyoxylate and (k2 + k-Z))/(k&Z + k g ) ) ,and as ks >> k ~ this
reaction of the free reducedenzyme with 0 2 to yield H202 and KO, =: ( k , + k - z ) / ( k d .
Hence, KO, would be expected to be 40/& for the dideutero
reoxidized enzyme. However, the rateof glyoxylate release, k4
(Table I), is too slow to account for the observed rate of the substrate and90/& for the protioform. These considerations
uncoupled reaction. Hence, it would appear likely that the enable k5 to be calculated, yielding an average value of 2.1 X
uncoupling occurs through some release of either glyoxylate lo5 M" min" (2.4 X lo5 M" min" from the hydrogen glycolor HzOz, or both, from the ternary
complex, or to hydrationof late data and1.8 X lo5M" min" from thedideuteroglycollate
enzyme; all these processes would data).
glyoxylate still bound to the
The assumption that the inhibition branch of Fig. 13 parbe competitive with the oxidative decarboxylation reaction.
T h e accumulation of thestable Adduct2 underaerobic
titions from the catalyticloop at the level of E,, + glycollate
conditions (Fig. 5 ) and the inhibition resulting from catalytic cannot be deduced directly from the rapid reaction kinetic
turnover (Fig. 2) are readily explained by the proposed inter- data presented here, although they are consistent with it. A
actions of Fig. 13; for each turn of thecatalytic cycle, a branching, originating from E,,-glycollate, E,,d-Adduct,, or
proportion of the enzyme is trapped in the inactiveAdduct,. Er,d-glyoxylate, would, in fact, be kinetically equivalent, proThe interconversion of the two adducts under anaerobic
vided the reversible steps, hll,KI,&, and ks, are fast. However,
conditions is also to be expected from the interactions postu- several arguments are in favor of the scheme of Fig. 13, in
lated in Fig. 13. In the absence of the dissociation step, k4, which the prochiral molecule glycollate is proposed to form
most of the enzyme would be expected to accumulate as two distinct diastereomeric Michaelis complexes via Steps hl
of the glycollate
Adductz, owing to the s m d value 0.035 min" observed for and k n and then to react further by breakage
k I 2 . The fact that k4 has a finite value, 50.6 min",
in the a-Re-H bond ( k z ) or the a-Si-Hbond ( k I 2 )Kinetic
.
data to be
absence of the inhibition branch involving formation of Ad- detailed elsewhere4 give direct evidence for the competing
duct,, would result in essentially all of the enzyme being in formation of different complexes of lactate oxidase from rethefreereducedform
within about 5 min of addition of action with mixtures of D-, and L-a-hydroxyacids. Although
glycollate. However, -40% of the possible amount of Adduct, no directconclusion can be made, thekinetics of reduction of
its final the enzyme by DL-laCtate show the same biphasic character
accumulatedunderanaerobicconditionspriorto
conversion to free reduced enzyme with a tIlz -50 min, the as exhibited with glycollate (Fig. 11).
The qualitative isotopeeffects on catalytic turnover oblatter step now being largely under the controlof k-12 (0.035
rnin"). At O'C, k - ] , is so small (0.001 rnin") that the formation served with &-Re-, or a-Si-monodeuteroglycollates are comk l , . Thus,
patible withselective isotope effects on Steps kz and
of Adductz becomes essentially irreversible.
The deuteriumisotope effects foundboth in anaerobic half- with[2,S-zH]glycollate, thecatalytic loop(Fig. 13) should
while the formationof
reactions and in catalytic turnover can
be accounted for quite operate at the normal (protio)velocity,
proceed at the same or at
a
nicely by the predominantdifference being in thevalue of k2, theinactiveAdductzshould
with very littleeffect on k-2. The ratioof k o b s between normal reduced rate, in agreement with the experimental finding.
and dideuteroglycollate shownby the stopped flow results of Conversely, with [2,R-ZH]glycollate,the catalytic rate-limiting
Fig. 12 is in fact larger than the true
value because the readily step, hz, should be smaller by the isotope effect of -4, while
reversible equilibrium characterized by kz and k 2 decreases the inactivation should proceed at the normal (protio)rate.
the apparent rate of adduct formation so that k o b s =kz. ( k 2 ) / The net result would be a faster conversion ( h l , ) to inactive
(kz + k-2) (39). The value of ( k z ) / ( k z+ k-2) is given approxi- enzyme as compared to the
case of a-dideuteroglycollate. This
mately by the extent
of the reaction occurring in the fast again is qualitatively borne out
experimentally. From evidence
phase (39). This is approximately 0.85 for normal glycollate to be presented in the following paper,' Adductl and Adduct2
and 0.65 for dideuteroglycollate. Thus, for normal glycollate, will he shown to be diastereomers, originating from abstracwhere k o h s = 65 rnin", kz becomes 76 min" and k-,, 13 min-l. tion of hydrogen from theglycollate Re- and Si-faces.
For dideuteroglycollate, where the k& is 11 min-I, kS = 17
The wealth of data, and the characteristic absorbance and
min" and k-2 = 13 rnin". Hence, the trueisotope effect on k p fluorescence properties of the intermediate species involved,
is 4.5 rather than 6. This is almost the same as the isotope offer the possibility of a very stringent test of the reaction
effect of 3.6 observed for catalytic turnover. This is in good scheme of Fig. 13 and the estimated values listed in Table I,
agreement with expectations. From the reaction scheme
of by computer stimulation. The rationale
for the listed rate
with a scheme as
Fig. 13, the value of Vmaxis determined by the individual rate constants has been detailed in the text, hut
constants.
complicated as that of Fig. 13, there may be many compensating factors leading gross
to errors in these values. However,
kzks
Vmax = the possibility of multiple fits to the data
should be considerkz

Since VmaX
= 70 rnin",

kg

+ ks

can be calculated to be -900 min-I.

' V. Massey, S. Ghisla, and T. Raichle, unpublished observations.
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ably lessened when we consider both absorbance and fluorescence data, and become quite minor when aerobic turnover is
also taken into consideration. We are presently embarking on
such simulations.
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