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Studies on the Catalytic Mechanism of Lactate Oxidase
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L-Lactate oxidase from Mycobacterium smegmatis
reacts with the prochiral substrate glycollate and forms
a labile, catalytically competent glycollyl adduct in
addition to a similar, but comparatively stable adduct
(Massey, V., Ghisla, S., and Kieschke, K. (1980) J. Biol.
Chem. 255, 2796-2806). The latter was isolated by Seph-
adex G-25 chromatography at 0-4°C and was also ob-
tained from lactate oxidase, in which FMN had been
replaced by the analogue 2-thio-FMN. The stable ad-
duct is identical with the product obtained from illu-
mination of the lactate oxidasestartronate complex
(Ghisla, S., Massey, V., and Choong, Y. S. (1979) J. Biol.
Chem. 254, 10662-10669) and thus has the structure of
a glycollyl adduct to position N(5) of the reduced en-
zyme flavin. The stable adduct decays directly to oxi-
dized enzyme and glycollate, with a ¢,,, of 20 min at
25°C; the Arrhenius activation energy is 21.4 kcal/mol.
When the adduct is formed from reaction with [2,S-
*H]- or with a-dideuteroglycollate, the decay reaction
shows an isotope effect of 1.5. In contrast, no isotope
effect is observed when the adduct is obtained from
[2,R-*H]glycollate. Using [2,R->H]- and [2,S-*H]glycol-
late, it is shown that the enzyme oxidizes catalytically
the Re-hydrogen of this substrate, which is stereochem-
ically equivalent to the a-hydrogen of L-lactate. On
decay of the adduct, the Si-hydrogen bond of glycollate
is (re)formed. This is demonstrated by the stereochem-
istry of glycollate obtained from decay of adduct
formed photochemically from enzyme and [2-°H]-
tartronate. The direct formation of a covalent glycollyl
adduct at position N(5) of reduced FMN is interpreted
as being equivalent to addition of a transient carbanion,
which is formed by abstraction of a proton from the
glycollate a position.

The nature of the chemical events occurring during the
catalytic oxidation of “C—H” substrates by flavin enzymes is
still a matter of some uncertainty (for some recent reviews,
see Refs. 1-4). In the preceding papers (5, 6) and in earlier
ones (7-9) dealing with the reaction mechanism of lactate
oxidase, some of the possible mechanistic alternatives have
been discussed; the same subject has also been treated by
others in different contexts (1-3). A consensus has begun to
emerge which regards the so-called “carbanion mechanism”
as a reasonable catalytic route, at least for C—H substrates in
which the hydrogen to be oxidized is activated by neighboring
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electron-withdrawing groups. Such a carbanion, however, is a
highly energetic species, its pK being well above the range
accessible in aqueous solution (3, 10). Thus, it would exist as
a short-lived transition state and consequently a direct visu-
alization is outside the present limits of analytical methods.
The occurrence of carbanions has indeed been inferred from
the behavior of certain substrates which, after formation of
the assumed carbanion, can react either through the normal
catalytic path, or via particular side reactions, which arise
from the presence of specific chemical functions. For example,
B-halogenated a-amino and a-hydroxy acids have been shown
to eliminate halide in competition with oxidative catalysis
(11-14). Suicide substrates also have been proposed to inhibit
by covalent modification of the flavin coenzyme via highly
reactive allene carbanions, which are formed by rearrange-
ment of a primary carbanion (4, 15-18).

Unfortunately, in these cases the kinetic behavior of the
systems could not exclude rigorously the possibility that the
reactions, assumed to be indicative of a carbanion mechanism,
do not lie directly on the catalytic pathway, but arise from
different mechanisms (1, 4, 14, 16). The carbanion mechanism,
though energetically feasible (9, 10) and chemically reasona-
ble, thus still awaits unambiguous experimental verification.

The strongest evidence for involvement of flavin-substrate
covalent intermediates in catalysis has come from the work of
Porter et al. (19) with the oxidation of artificial substrates
(preformed stable nitroalkane carbanions) by p-amino acid
oxidase. In this case, the presumed flavin N(5)-covalent ad-
duct was trapped by reaction with cyanide to yield the stable
5-cyanomethyl-1,5-dihydroflavin with concomitant inactiva-
tion of the enzyme reaction.

In the preceding paper (6), it has been shown that two
hitherto unobserved species occur during the reaction of lac-
tate oxidase with the substrate glycollate. From their spectral
and chemical properties, it was deduced that these interme-
diates are covalent N(5)-glycollyl adducts of the reduced flavin
position N(5). The kinetics of their formation, and the fact
that glycollate is the only substrate of lactate oxidase which
has two prochiral a-hydrogens susceptible to oxidation, sug-
gested the possibility that their different stabilities derive
from their structures being diastereomeric. Using selectively
labeled glycollates, in the present work we show that this
assumption is indeed correct. Furthermore, it will be shown
that these adducts are formed from glycollate, thus providing
unambiguous evidence for the occurrence of carbanionic in-
termediates in dehydrogenation reactions catalyzed by lactate
oxidase, and by analogy, other flavoproteins.

MATERIALS AND METHODS

L-Lactic acid (lithium salt) was from Sigma, glyoxylate and tar-
tronate were from Fluka, NAD* was from Boehringer Mannheim,
and [1-H]ethanol (100 mCi/mmol) was from New England Nuclear.
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2_Thio-FMN (20) was a kind gift from Dr. P. Hemmerich. {2,R-"H]-,
[2,S-*H}-, and [2-’H.]Glycollates’ were obtained as described previ-
ously (6).

Lactate oxidase was isolated from Mycobacterium smegmatis ac-
cording to the method of Sullivan ef al. (22). Glycollate oxidase was
obtained from Pisum sativum (23). L-Lactate dehydrogenase from pig
heart, p-lactate dehydrogenase from Lactobacillus leichmanii, yeast
alcohol dehydrogenase, and formate dehydrogenase were from Boeh-
ringer Mannheim.

[2-*H]Tartronate (Li,)—Li, tartronate(60 mg) was dissolved in 200
ul of *HOH (10 mCi) and heated in a sealed Pyrex tube for 3 days at
90°C. The product was precipitated by addition of 1 volume of
methanol and 2 volumes of isopropyl alcohol and then recrystallized
twice from a water/methanol isopropy] alcohol mixture. All the label
was present in a covalent form (for specific activity, see Table I).

[2-?H]Tartronate (Li;) was prepared in an analogous way by re-
peating the above procedure twice in 99.5% “H,O. That the tartronate
a-hydrogen does not exchange appreciably at 25°C over 12 h, and
under the pH conditions used for enzymatic work, was shown by
NMR spectroscopy of [2-'"H]tartronate in *H,0.

[2,R- or 2,8-*H]Glycollate—{"HINADH (0.2 mmol) ~30 mCi/
mmol) was prepared from undiluted [1-’H)ethanol with yeast alcohol
dehydrogenase and purified over a DE52 (Whatman) ion exchange
column. It was reacted with 1.1 eq of glyoxylic acid at pH 6.8 (24)
using either 1-lactate dehydrogenase or p-lactate dehydrogenase. The
reaction course was followed by the absorbance decrease at 340 nm,
and the quantity of enzyme added was selected so that the reaction
could be terminated after ~1 h. Excess glyoxylate was reduced with
NaCNBH, (20 mg, 1 h), the reaction was terminated by adjusting the
pH to 5, and the glycollate was purified over Dowex 1 acetate (elution
with 2 N AcOH). Before use, the labeled glycollates were purified
electrophoretically on Whatman 3MM paper at pH 3.5 (0.5% AcOH,
with pyridine, pH 3.5) and were essentially free from radioactive
contaminants (specific activity, 2 to 4 X 10 dpm/nmol).

Isolation of the Stable Lactate Oxidase Glycollyl Adduct,*—The
adduct was prepared either photochemically from the enzyme-tar-
tronate complex at 0-4°C and pH 6.0 (5) or by incubation with
glycollate as described earlier (6). As soon as possible after the
preparation, the reaction mixture was separated at 0-4°C over a short
Sephadex G-25 column (void volume = 5 to 6 X sample volume)
equilibrated with 0.01 M imidazole/HCI buffer, pH 7.0. The enzyme
eluted with the eluent front. Under these conditions, the decay of
Adduct; was generally <10%.

Determination of *H Release from Glycollates—Incubations of
lactate oxidase with "H-labeled glycollates or solutions of (decaying)
Adduct, were kept at 22°C in the dark in order to prevent formation
of photoadducts and photodecomposition. At intervals <100-ul ali-
quots containing 10 to 20 nmol of Adduct. (or glycollate) were applied
to a Dowex AG 1-X2 column (OH™ form; bed volume = 0.5 ml) and
1-ml fractions were collected. The column was washed with distilled
water until no radioactivity was present in the eluate (<6 ml). The
acidic fraction was then eluted with 5 ml of 1 N HCL. A complete
separation was usually obtained by this method, the label being
contained mainly in the first 1-ml fraction.

The fractions were counted in 10 volumes of liquid scintillator
(ELS 294, Koch and Light). The vials containing appreciable amounts
of "H were standardized internally using "H standards (New England
Nuclear); the counting efficiency was 15 to 20%. In general, >95% of
the label applied to the column was recovered.

Absorption spectra were recorded with a Cary 17 or 118 recording
spectrophotometer at the temperature given. Fluorescence spectra
were recorded either with a Perkin-Elmer MPF-3 or with a correcting
instrument built by Dr. D. Ballou and Mr. G. Ford (University of
Michigan). Lactate oxidase activity was measured as described earlier
(25) with an oxygen electrode (Yellow Springs Instruments, model
53). Formate was determined with formate dehydrogenase by an
adaptation of the published procedure (26) to the enzyme from

' The terms Re and Si for the enantiomeric hydrogens of glycollate
have for the sake of clarity, been used also for the isotopic hydrogens
(*H and "H) placed on the Re and Si face of glycollate, in those
instances where reactions involving both 'H and these isotopes are
discussed. According to accepted chemical convention (21), *Hye-
glycollate is thus (R)-glycollate-2-d or [2,R-*H]glycollate, and “Hs:-
glycollate is (S)-glycollate-2-d or [2,S-’H]glycollate.

* As defined in the previous paper (6), the unstable glycollyl adduct
is referred to as Adduct, and the stable adduct is referred to as
Adduct,.
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Boehringer Mannheim. Radioactivity was measured with a Packard
Tri-Carb scintillation spectrometer, model 30003.

RESULTS

Isolation and Structure of Stable Glycollate Adduct,—In
the preceding papers, it has been shown that flavin-glycoliyl
adducts are produced first by photoreaction of the lactate
oxidase tartronate complex (5); second, from the reaction of
oxidized enzyme with glycollate; and third, from reaction of
reduced enzyme with glyoxylate (6-8). Of these adducts, Ad-
duct, is very labfe, while Adduct,, is comparatively very
stable. When the adduct mixture produced by any of these
methods is chromatographed over a short Sephadex G-25
column at 0-4°C, which effectively removes small molecules,
Adduct, can be obtained in high yield (Fig. 1). This adduct
has the structure of a covalent flavin N (5)-glycollyl derivative,
since it has the same absorption spectrum, fluorescence exci-
tation and emission spectra, and stability (see below for decay
kinetics) as the flavin N(5)-glycollyl adduct formed photo-
chemically from tartronate (5).

A stable adduct is also formed on aerobic reaction of gly-
collate with lactate oxidase, in which the normal coenzyme,
FMN, has been replaced by 2-thio-FMN (20). This flavin has
the distinctive advantage that the spectra of N(5) and C(4a)
derivatives are quite different and consequently can serve for
structural identification. The spectrum of the glycollyl adduct
of 2-thio-FMN lactate oxidase, shown in Fig. 2, matches
closely that of N(5) adducts (5). In contrast, C{4a) derivatives
of this flavin have pronounced absorption bands centered
around 360 nm (e = 11 to 16 mM ™' em ') and 445 nm (¢ = 4 to
6 mM~' cm™') (5). Thus, the results of Fig. 2 provide convincing
evidence that Adduct; is a flavin N{5)-glycollyl derivative.

Decay of the Lactate Oxidase Glycollyl Adduct, to Oxi-
dized Enzyme and Glycollate—As was the case for the adduct
formed by illumination of the enzyme- tartronate complex (5),
the stable Adduct, obtained from oxidized enzyme and gly-
collate also yields free oxidized FMN upon aerobic denatura-
tion with 4 M guanidine HCl. Under anaerobic conditions in

ABSORBANCE

WAVELENGTH [nm|

Fic. 1. Absorption spectrum of isolated lactate oxidase-gly-
collyl Adduct, and decay to form oxidized enzyme. Adduct, was
prepared by aerobic turnover with 20 mm glycollate at 0°C in 0.01 M
imidazole, pH 7.0, and then separated from excess reagents and
products at 0-4°C over a G-25 column as described under “Materials
and Methods.” Curve 1 shows Adduct, immediately as obtained from
the column; it contains 21% of oxidized enzyme. Curves 2, 3, 4, and &
were obtained after 6, 15, 36, and 70 min, respectively (T = 25°C).
Curve 6 represents the spectrum obtained at the end of the decay,
which is identical to that of oxidized enzyme. The half-time of this
process is 20 min at 25°C.
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the presence of guanidine HCI, reduced enzyme, and presum-
ably glyoxylate, are formed. In the absence of denaturants,
regardless of the presence or absence of oxygen, the isolated
Adduct; appears to decay slowly to oxidized enzyme (¢;,» = 20
min at 25°C; Fig. 3); no intermediate species are apparent
(Fig. 1). Thus, although it is a derivative of the usually oxygen-
sensitive reduced flavin, the decay of this species does not
involve a reaction with O.. Under aerobic conditions, exactly
the amount of oxidized enzyme corresponding to the starting
concentration of Adduct, is formed, as estimated by the AA at
450 nm. When the decay is allowed to occar under anaerobic
conditions but in the presence of excess tartronate, a potent
competitive inhibitor (9) which traps oxidized enzyme, reoxi-
dation occurs again with a ¢, ~ 20 min. The extent of
reoxidation and, in particular, the rate of subsequent reduc-
tion, is strongly dependent on the tartronate concentration.
When Adduct, was first separated from small molecules by
chromatography and then allowed to decay in the absence of
oxygen, an increase of absorbance at 450 nm with a ¢,,, similar
to that observed under aerobic conditions and in the presence
of tartronate occurs; it is then followed by a much slower
reduction phase (Fig. 3). Most importantly, the rate and extent
of increase of the absorbance at 450 nm is not influenced
markedly by the presence of hydroxylamine, a reagent which
effectively traps keto acids. The rate of subsequent decrease
of the absorbance at 450 nm is, again, not markedly dependent
on the presence of hydroxylamine. In the presence of this
trapping agent, the extent of reduction corresponds approxi-
mately to the preceding extent of reoxidation, while in the
absence of hydroxylamine, reduction below the starting level
is observed (Fig. 3). When oxygen is admitted after these
anaerobic reduction phases have come to a stop, rapid reoxi-
dation occurs to form the expected amount (100%) of oxidized
enzyme, as measured by the visible absorption spectrum (cf.
Fig. 1). This complex behavior is consistent with decay of the
covalent Adduct, to form oxidized enzyme and 1 eq of glycol-
late. The latter is itself a substrate, which is expected to
reduce the enzyme only very slowly under the stoichiometric
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Fic. 2. Formation and decay of N(5)-glycollyl adduct from
lactate oxidase reconstituted with 2-thio-FMN. The reconsti-
tuted enzyme was prepared as described previously (5). It was reacted
aerobically at 25°C with 50 mM glycollate in 10 mm imidazole/HCI,
pH 7.0. After gel filtration with Sephadex G-25, the spectrum shown
{~ - -) was obtained. The isolated material changed with a ¢,,; of 75
min at 25°C to the spectrum of oxidized 2-thio-FMN enzyme ( ).
It could be calculated that the initial spectrum consisted of 72%
glycollyl adduct and 28% oxidized enzyme. The calculated spectrum
of the glycollyl adduct is shown (----). The inset shows the fluores-
cence spectra of the initial adduct (oxidized enzyme is nonfluorescent).
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Fic. 3. Decay of lactate oxidase glycollyl Adduct,; depend-
ence on oxygen and inhibitor. Adduct; was prepared photochem-
ically from tartronate as described previously (5); the enzyme concen-
trations used were 3 X 10™* M in 0.01 M imidazole- HC], pH 7.0, and
the yields of Adduct, were between 75 and 80%. Curve I represents
the course of formation of oxidized enzyme monitored by its absorb-
ance at 450 nm, 25°C, and in the presence of oxygen. Curve 2: the
enzyme Adduct, solution was made anaerobic and the decay was
followed in the presence of 5 X 1077 m tartronate, a very strong
competitive inhibitor of lactate oxidase (9). Curves 3: after prepara-
tion, Adduct. was chromatographed at 0-4°C over a Sephadex G-25
column, and subsequently allowed to decay anaerobically in the
presence of 0.05 M hydroxylamine (A), and in the absence of NH,OH
(B). Note that the starting point of the experiment corresponds to
the absorption at 450 nm of ~25% oxidized lactate oxidase and ~75%
Adduct,. The reduction below 0% of Curve B is due to production of
more than the stoichiometric amount of reducing equivalents from
decay of Adduct., (i.e. formation of glyoxylate). See text for further
explanations. The reduced enzyme species obtained after the slow
reduction phases of Curves 2 and 3 are reoxidized immediately to
100% E.x upon admission of oxygen.

100 400 500

conditions of Fig. 3. The anaerobic oxidation of glycollate
vields glyoxylate (Scheme 1). The glyoxylate released is again
a good substrate of lactate oxidase (in its hydrated form),
yielding oxalate as product (6). The fact that hydroxylamine
has no major effect on the course of decay of Adduct, excludes
glyoxylate as a primary product. The extent of secondary
reduction observed in the presence and absence of hydroxyl-
amine also is consistent with primary formation of glycollate
and its oxidation to glyoxylate. Thus, in the presence of this
trapping agent, this reduction corresponds approximately to
oxidation of 1 eq of glycollate, while in its absence it goes
further, consistent with oxidation of glyoxylate. The spectrum
of the oxidized enzyme obtained after the oxygen reoxidation,
which was carried out after decay in the absence of NH,OH
(cf. Fig. 3, Curve 3B, t > 150 min), shows the typical pertur-
bations caused by the presence of tightly bound oxalate (27).
Subsequent illumination of this complex formed the typical
reduced enzyme flavin N(5)-carbonate adduct, which is
formed exclusively from oxalate, and is readily identified and
quantitated by its distinctive absorption spectrum and decay
kinetics (27). This sequence of reactions is depicted in Scheme
1. The uncoupling of the oxygenative pathway shown in the
right loop of this scheme is due to the slow release of glyox-
ylate under anaerobic conditions. The subsequent addition of
O, then results in the rapid reoxidation of reduced enzyme
with formation of H»0,. In contrast, under aerobic conditions,
0, reacts more rapidly with the reduced enzyme-keto acid
complex than it dissociates, to result in oxidative decarboxyl-
ation (6, 25). The same sequence of reactions as depicted in
Fig. 3 and Scheme 1, i.e. anaerobic partial reoxidation folowed
by reduction, and detection of oxalate photochemically, was
found when Adduct, was prepared by aerobic turnover with
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ScHEME 1. Decay of lactate oxidase glycollyl Adduct,. Pro-
posed sequences of reactions of glycollate formed from the decay.

glycollate and isolated by Sephadex G-25 gel filtration. That
glycollate is formed primarily can also be shown by analysis
of the products of the aerobic decay. As shown in Scheme 1,
only in the case of formation of glycollate, formate would be
produced by enzymatic oxidation under aerobic conditions.
The oxidation of glyoxylate instead would yield oxalate. With
a yeast formate dehydrogenase test similar to that described
by Hopner and Knappe {(26), formate can be demonstrated
qualitatively. The amount of formate produced in a single
experiment (<8 nmol) is too low for a reliable quantitative
estimation by this method; the average value obtained from
six experiments was 105% of the expected amount, but varied
from 40 to 240%.

Kinetics of Decay of the Stable Adduct, and Involvement
of the Glycollate Si-hydrogen—As shown in the preceding
section and in Fig. 3, Adduct; decays to oxidized enzyme with
a t;,» ~ 20 min at 25°C. This reaction, however, is unusually
temperature-dependent, as already indicated by the feasibility
of adduct isolation at 0°C, and as shown by the Arrhenius plot
of Fig. 4. A relatively high value of 21.4 kcal/mol for the
Arrhenius activation energy of this reaction is found. This
AH? also shows no apparent dependence on the isotopic sub-
stitution of the glycollate used for the preparation of the
adduct. On the other hand, a deuterium isotope effect of 1.5
+ 0.1 is found over the whole temperature range when the
adduct is prepared from [2,S-’H]- or [2-°H;]glycollate. This
effect is consistent with a diastereomeric structure of Adduct,
and Adduct,. At the oxidation stage of the adducts (that of
reduced flavin; see above and Ref. 5, one a-hydrogen must
necessarily already have been removed from glycollate. The
magnitude of the isotope effect of 1.5 would appear to be at
the upper limit for a secondary one (28). If it were a primary
effect, however, then it would have to be connected with the
(re)formation of the glycollate a-C-H bond, i.e. with reproton-
ation of the postulated transient carbanion. Most importantly,
no such isotope effect is found when the adduct is prepared
photochemically from a-deuterotartronate or from [2,R-*H]-
glycollate. In the latter, the [2,S-H] is expected to be removed
from the glycollate moiety at the level of Adduct,. Conse-
quently, the observed decay, i.e. the recombination to form
glycollate, should occur at the same rate as with normal
glycollate. Adduct, prepared photochemically from [2-*H]tar-
tronate should have the same stereochemistry at the glycollate
a carbon; thus, the proton serving in formation of glycollate
(cf. Scheme 3 under “Discussion”; Steps k-, and &-1,) should
originate from the solvent and yield no isotope effect, as found
(Fig. 4). The complementary nature of these data shows that
the observed isotope effects cannot be secondary. Conse-
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Fic. 4. Dependence of Adduct, decay on temperature and
deuterium isotopic substitution. Adduct, was prepared as de-
scribed earlier (6) by incubation of lactate oxidase with the glycollates
shown, and was purified over a Sephadex G-25 column (see “Materials
and Methods”). The decay of the adducts in 0.01 M imidazole/HCl,
pH 7.0, was followed by the absorbance increase at 450 nm (cf. Fig. 1)
and in the dark. The decay rate at 25°C was also determined in at
least 10 experiments with Adduct. prepared either photochemically
with [2-'H]tartronate or by aerobic turnover with glycollate. The
decay rate was identical in either case (k.. = 0.035 + 0.002 min ')
and identical with that found for Adduct, prepared from aerobic
turnover with [2,R-*H]glycollate (@), and with Adduct. of the exper-
iment designated by open squares, obtained by illumination of the
enzyme-[2-*H]tartronate complex.

quently, the isotope effect of 1.5 is attributed to the step of re-
formation of the glycollate [2,S-H] bond.

The finding of such an isotope effect is clearly quite unusual;
it requires, in fact, that the proton which has been abstracted
from the glycollate Si position during formation of Adduct.
does not exchange to a significant extent with the solvent
during the lifetime of the adduct. The kinetics of decay of
Adduct; formed from deuteroglycollate or from [2,S-H]gly-
collate (Fig. 4) is accurately first order for at least 4 to 5 half-
lives; consequently, the half-time of any proton exchange must
exceed 1 h at 25°C. Evidence for solvent shielding of the
active site of D-amino acid oxidase and of lactate oxidase has
also been presented previously by others (1, 9, 11-14).

Abstraction of the Glycollate Re-Hydrogen during Catal-
ysis—A determination of the stereochemical structure of the
lactate oxidase glycollyl adducts would be possible if the
stereochemistry of the glycollate formed from their decay
were known. The determination of the latter could be carried
out with L-lactate oxidase itself; however, it requires proof
that the enzyme indeed oxidizes the glycollate Re-hydrogen
catalytically. Although lactate oxidase is strictly specific for
L-hydroxy acids (24, 29), the results presented in the present
and preceding papers (6) indicate that with glycollate, it might
show a catalytic preference for one substrate face in a ratic of
~100:1. The Re preference is already demonstrated qualita-
tively by the isotope effect on the reduction step found with
the [2,R-’H}- and not the [2,S-*H]glycollate enantiomer (6).
The catalytic oxidation of [2,R-"H]glycollate leads to the
release of =99.5% of the *H label into water as "HOH (Fig. 5).
Conversely, using [2,S-*H]glycollate, 295% of the label is
retained in the acid fraction as [*H]JCOO™. However, two
minor discrepancies in these results are apparent. First, while
4 to 5% of the [2-S-*H]glycollate label is retained as ["H]COO~
upon oxidation, 599.5% of *H is released consistently when
[2,R-*H]glycollate is oxidized. As will be detailed later,” exactly

? G. Fendrich and S. Ghisla, unpublished data.
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Fic. 5. Determination of stereospecificity of the reaction of
glycollate with L-lactate oxidase, and the stereochemistry of
glycollate formed from decay of Adduct,. *H k.. s»-Labeled gly-
collate (2 to 4 X 10* dpm/nmol) was incubated with lactate oxidase in
the dark at 22°C and at pH 7.0 in the universal buffer described
earlier (9). Aliquots were withdrawn at the times shown and were
analyzed as described under “Materials and Methods.” A——A4, 100
minus the percentage of radioactivity found as "HOH (100% being the
total amount of label contained in the analyzed sample (4 to 15 x 10*
dpm), and the difference being the percentage of ’H bound to acid, in
the form of unreacted glycollate or formate; see text for further
explanations) when 3.3 nmol of lactate oxidase were incubated with
~50 nmol of [2,S-*H]glycollate in 100 pl of buffer. —1, incubation
of ~60 nmot of [2,R-*H]glycollate with 15 nmol of lactate oxidase in
500 ul of buffer. O——CQ, incubation of ~60 nmol of [2,R-’H]glycollate
with 3 nmol of enzyme in 500 pl of buffer. @—@, Adduct, was
prepared photochemically at 0-4°C from [2-'H]tartronate (cf. Table
I), purified by gel filtration with Sephadex G-25 and then allowed to
decay at 22°C. At the intervals shown, aliquots were withdrawn and
analyzed by the same method used for the labeled glycollates.

100 - % 3H release

-]
(e}

TaBLE 1
Incorporation of *H label into stable Adduct, from photoreaction
with [2-*H]tartronate

Adduct, was prepared photochemically from the enzyme-tartron-
ate complex as described previously (5) and purified as described
under “Materials and Methods.” The quantity of Adduct, was deter-
mined from the changes in absorption spectrum accompanying the
decay of the adduct (cf. Fig. 1). The specific activity of the [2-*H]-
tartronate was determined from a weighed sample.

Experiment %;z;x;rl:eg [2-'H]Tartronate Stable adduct isolated
nmol nmol dpm/nmol nmol dpm/nmol

1 40 4720 360 13 410

2 40 450 360 17 360

3 78 1050 360 11 320

4 73 950 1700 36 1600

the same results are obtained using glycollate oxidase from P.
sativum (23). (Glycollate oxidases of plant origin have been
shown to be at least Re-selective (30) and do not catalyze the
oxidative decarboxylation reaction.) This suggests that the
difference does not originate from an isotope selection effect,
or from low selectivity, but from a ~4% scrambling, which
must have occurred during the synthesis of [2,S-’H]glycollate
from [P"H]NADH with p-lactate dehydrogenase from L. leich-
manii. In fact, using b- and L-a-hydroxy acids, it can be shown
that the latter enzyme has only a low specificity for the
substrate L forms.”

Second, under the conditions of aerobic turnover (where
[glycollate] = [0O-]), ~20% uncoupling with concomitant for-
mation of glyoxylate was found (6). If this occurred in the
present experiment, it would cause a corresponding error in
the determination of *H release, as glyoxylate is further oxi-
dized to H,0, and oxalate. However, for reasons which are not
clear, but probably kinetic in nature, this uncoupling appar-
ently does not occur to a measurable extent under the condi-
tions of the experiments described in the legend to Fig. 5,
where [glycollate] < [O.]. Thus, from these results, the cata-
lytic selectivity of lactate oxidase for the glycollate Re-hydro-

gen is, at the worst, ~95%, and more probably at least 99.5%.

Involvement of the Si Face of Glycollate in the Decay of
the Stable Adduct,—Using [*H]tartronate and the light re-
action described previously (5), the formation of stable adduct
of high specific activity can be achieved readily. From the
data of Table [, it is apparent that 1 eq of "H label is retained
in the adduct. That the hydrogen originating from tartronate
is bound covalently, and not as a nonexchangeable proton, is
demonstrated by the companion experiment using [2-’H]tar-
tronate, where the decay of the adduct did not show an
appreciable isotope effect during decay (Fig. 4). This assump-
tion is also reasonable in view of the probable mechanism of
the photochemical formation of the adduct (5). The glycollate
formed from the decay of the stable adduct should have the
label in the Re position, as this reaction corresponds to rever-
sal of the adduct formation which involves abstraction of the
Si-hydrogen. The *Hg, label should then be removed selec-
tively during catalytic oxidation, which will begin as soon as
glycollate is formed. The sequence of reactions shown on
Scheme 2, lower cycle, represents this process.

If, on the other hand, the decay of Adduct, were to occur to
reduced enzyme and glyoxylate, the sequence of reactions
shown in Scheme 2, upper cycle, would be expected. In this
case, the “H label would be associated with formate, not with
water. The *H label is indeed released into water, as shown on
Fig. 5. This figure also shows the stereospecific removal of the
*Hg. label into water, using specifically tritiated substrates.
The slow release of the *H label might at first sight appear to
preclude an enzymatic significance to this reaction. It should
be kept in mind, however, that the turnover number for
glycollate (66 min~" at 25°C; ©{0;]) is relatively low, and that
the concentration of glycollate formed from adduct decay is
stoichiometric with the initial adduct, i.e. of the order of 10~°
M or less. Thus, the observed "H release curve will depend
both on the concentration of enzyme and glycollate released.
The relatively large scatter of the experimental points ob-
tained for the adduct decay probably arises from the fact that
the curve shown on Fig. 5 was constructed from the four
different experiments reported in Table I.

In these experiments, the adduct varied from 1.0 to 2.5 X
107° M. An additional factor which could contribute to varia-
bility is loss of enzyme viability resulting from the sometimes
long photoirradiation used to produce the tritiated Adduct..
It should be emphasized, however, that such modification of
the protein did not affect the properties of the adduct; the
same absorbance and fluorescence properties, and the same
decay kinetics, were observed whether short or long irradia-
tion periods were used. In any case, the release of *H label
from Adduct, is modeled quite well by the curve shown by
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ScHEME 2. Formation of lactate oxidase glycollyl Adduct,
from the enzyme-«[2-’H]tartronate complex and sequences of
possible reactions leading to release of *H into water or *H
incorporation into formate.



the open circles on Fig. 5, in which a concentration of enzyme
(6 uM) similar to that of the adduct was used to oxidize (2,R-
*H]glycollate.

DISCUSSION

The data presented in this and in preceding papers (5-8)
lead to the proposal of a general scheme for the catalytic
reaction of L-lactate oxidase with glycollate (Scheme 3).

The prochiral substrate glycollate forms diastereomeric Re
and Si Michaelis complexes in fast and reversible steps
(Scheme 3, Steps k; and k11). Abstraction of the Re-hydrogen
(Step k-) is then envisaged to lead directly to the labile and
catalytically competent Adduct,, while the stable Adduct; is
formed by the parallel Step &, following abstraction of the
Si-hydrogen.

The attribution of the two diastereomeric structures to
Adduct; and Adduct; is based on four sets of data. (a) The
kinetics of formation of the adducts is fully consistent with
the postulated prochiral Michaelis Re and Si complexes (6).
(b) A substantial deuterium isotope effect is observed in the
formation of Adduct, only when the Re-hydrogen of glycollate
is labeled. In addition, turnover studies using Re- and Si-
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deuteroglycollate are consistent with an isotope effect occur-
ring during abstraction of the Si-hydrogen to form Adduct,
(6). (c) An isotope effect is found in the rate of decay of the
stable Adduct. (Scheme 3, Step %-:) only when the adduct is
formed from Si-deutero- or dideuteroglycollate, and not when
it is obtained from Re-deuteroglycollate or photochemically
from a-deuterotartronate (Fig. 4). (d) The decay of Adduct.
involves incorporation of a hydrogen into the Si face of gly-
collate (Steps k_;» and k.;;), while catalytic turnover (occur-
ring via Adduct,) leads to abstraction of the Re-hydrogen
(Scheme 3). Thus, the left and right sides of Scheme 3 can be
considered to be a set of chemically equivalent but diaster-
eomeric events.

The route of decay of Adduct; under anaerobic conditions
is of mechanistic importance, and could conceivably occur by
a variety of alternate possibilities (Scheme 3). The decay of
Adduct; via Step k;; would result in formation of the prochiral-
reduced enzyme . glyoxylate complex shown. This could inter-
convert to the opposite (active) prochiral complex, either
directly or by dissociation and reassociation with the reduced
enzyme (Steps k14 and k_4). The observed formation of oxi-
dized enzyme and glycollate would thus have to occur via the

CHY/\(NYN /O
PH/\ N b

~BH® @
H><E88@

hy

Co,

ScHEME 3. Proposed general
scheme for the reaction of L-lactate
oxidase with glycollate. The left side,
in which the glycollate Re-hydrogen is
oxidized, should depict the catalytic
process. The right side shows the for-
mation of the stable reduced flavin-gly-
collyl Adduct,.

AddUCtz
(stable)
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reversible Steps k3, k_,, and k_;, which are known to be rapid
(6). This reductive route of decay is unlikely for four reasons.
First, under anaerobic conditions, the thermodynamics of the
system would not favor conversion of a reduced enzyme.
glyoxylate complex into the corresponding E..-glycollate pair;
the contrary has been demonstrated experimentally by the
observation that =85% reduction occurs anaerobically with
0.5 eq of glycollate (6). Second, this route would be expected
to produce E,, in a smooth approach to equilibrium and not
the oxidation followed by re-reduction shown in Fig. 3. Third,
if the decay were to occur via primary formation of glyoxylate
(e.g. by Steps ki3, k_4, etc.), in the presence of hydroxylamine,
this keto acid would be trapped and formation of E,, should
be prevented. The experiments of Fig. 3 show that hydroxyl-
amine has practically no effect on the extent and rate of
anaerobic formation of E,,. Thus, we must conclude that the
accumulation of reduced enzyme in experiments such as those
of Fig. 3 is due to secondary reduction from glycollate and
glyoxylate, resulting from direct decay of Adduct; into oxi-
dized enzyme and glycollate (Scheme 3, Steps £_;; and k_1)).

A fourth and most important argument against the decay
of Adduct, via a reduced enzyme- glyoxylate complex is that,
under aerobic conditions, from all available evidence (14, 25),
such a complex would be expected to react rapidly with
oxygen. Such a reaction would thus lead to formation of
formate in which the Re label would be retained (Scheme 2,
upper branch); ’"H, however, is released completely into water
(Fig. 5).

Some conclusions can be drawn from the present and pre-
vious data (5-8, 18, 32) about the absolute stereochemical
configuration of the adducts. The two faces of the flavin plane
can be defined with the Re and Si terms according to the
definitions of Hanson and Prelog (21). By making the reason-
able assumption that, with the flavoenzymes D-lactate dehy-
drogenase and L-lactate oxidase, the substrate approaches the
flavin plane from the same side during formation of an N(5)
adduct (32), this face would be the Re face, and a primary
adduct of an a-hydroxycarboxylic acid would have the S
configuration with respect to the center N(5).

In the N(5)-glycollyl adducts, the 5-nitrogen will have a
pyramidal configuration {(as opposed to a planar one, as in
oxidized flavin), while the pyrimidine and the benzene moie-
ties of the reduced flavin will exhibit an angle of bending along
the N(5)-N(10) axis (Scheme 4). 5-Isopropyl-1,5-dihydrolum-
iflavin, a suitable model, has an angle of 154° for the two
flavin half-planes, the isopropyl group being placed above the
two interacting planes.* The internal mobility of such an
adduct, i.e. the rates of pyramidal inversion at the N(5)
nitrogen, and the so-called “butterfly wing” inversion along
the N(5)-N(10) axis will be governed by the protein, and from
the available data should be very slow (33-35). The high
fluorescence of the adducts is, in particular, a phenomenon
which reflects a restricted mobility of the reduced flavin (35).

A high degree of steric hindrance for the 5-nitrogen pyram-
idal inversion is predicted from space-filling models, and was
deduced from the dynamic (33) and chemical properties (34)
of reduced flavin models. A severe restriction of mobility is
also required in order to explain the extremely slow rate of
proton exchange (cf. above) and uptake (9) with lactate oxi-
dase, and the strictly stereochemical course of covalent adduct
formation with p-lactate dehydrogenase and lactate oxidase
with suicide substrates (15, 18, 32).

In two diastereomeric, flavin N(5)-glycollyl adducts, the o-
OH group should be fixed in very different chemical environ-

* M. Bolognesi, A. Nunzi, R. Oberti, and P. Polidori, submitted to
Acta Cristallografica (1979).
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ScHEME 5. Alternative molecular mechanisms for the trans-
fer of oxidation-reduction equivalents between C-H substrate
and oxidized flavin enzyme.

ments. The proton of the a-OH group is the one which must
be abstracted during formation of the E..4-glyoxylate complex
(Scheme 3, Steps k; and ki3), and is transferred (at least
formally) to the reduced flavin N(5). Thus, a restricted mo-
bility of the glycollyl adducts, the extreme slowness of proton
exchange at the enzyme active site, and diastereomeric differ-
ences in the chemical environment should be sufficient to
explain the difference in chemical behavior as reflected by the
rates of decay reactions, i.e. by the slowness of k_;; as com-
pared to k-, and the nonoccurrence of k3 compared to k;
(Scheme 3).

With respect to the molecular mechanism of formation of
the adducts, i.e. the sequence of events represented by Steps
ky and ks (Scheme 3), it should be emphasized that three
basic alternatives could theoretically apply, which are de-
scribed in Scheme 5. (A) In the case of a hydride mechanism,
the flavin would first be reduced by a hydride equivalent to
form directly a reduced enzyme-glycollate complex (Step 1).
Both covalent adduct(s) would, in this case, necessarily be at
the end of a nonproductive (and noncatalytic) side branch
(Step e). Thus, the occurrence of covalent adducts on the
catalytic path and a hydride mechanism are mutually exclu-
sive. In the present case, the arguments discussed above are
compelling, that the stable Adduct, is formed on a direct
pathway from E,. + glycollate. (B) A primary radical mech-
anism initiated by rate-limiting H™ abstraction (Step g) fol-
lowed by radical recombination (Step h) would be kinetically
equivalent with a carbanion mechanism leading to the same
adduct. This will be discussed further below. (C) The carb-
anion mechanism would be initiated by rate-limiting abstrac-
tion of the a-hydrogen as a proton (Step a) to form a transient
carbanion.

The latter could add directly to the flavin position N(5)
(Step b) or, alternatively, this process could consist of two
sequential le” transfer steps (sequence ¢ + d)). This concept,
outlined by Cornforth (36), has been developed by Bruice (10)
who has put forward arguments in favor of the radical se-



quence. In our opinion, both mechanisms are consistent with
the experimental results presented above and earlier (6).
Unfortunately, an experimental differentiation between these
two mechanisms appears to be beyond the present possibili-
ties, at least in the case of lactate oxidase. Both processes, in
fact, represent transfer of electrons and orbital rearrange-
ments in a caged complex and should consequently be ex-
tremely fast. That product formation is likely to occur by Step
e and not by f (and preceding steps) has been discussed above.
A differentiation between the primary radical (B) and a carb-
anion-initiated mechanism (C) is of obvious relevance and has
provoked considerable discussion in recent years (1-4). With
respect to this point, a recent paper by Warshel (37) is of
importance. He states that “charge stabilization is the most
important energy contribution in enzyme catalysis.” In an
earlier paper (9), we have shown that complexes of negatively
charged transition state analogs with lactate oxidase exhibit
a considerable degree of stabilization, this energy being com-
parable to that required for catalysis (i.e. for the lowering of
the pK for formation of an a-hydroxyacid a-carbanion).
Clearly, such a contribution to catalysis could not be opera-
tional in the case of a primary radical mechanism, where no
charge separation would occur.

With respect to the general molecular mechanism of catal-
ysis by flavoenzymes of the type of L-lactate oxidase, a picture
begins to emerge which surprisingly resembles that obtained
from x-ray crystallographic data for the catalysis of pyridine
nucleotide-dependent enzymes (38, 39). Thus, at the enzyme
active center, the substrate could be “sandwiched” between
the flavin and a base, which functions in abstraction of the
a-hydrogen (and which could well be a histidine (40)) in such
a way that the substrate « position and the flavin N(5) would
be juxtaposed (Scheme 4). The oxidation-reduction transfer
process, as such, would involve the development of a negative
charge at the substrate a carbon (pK > 20; see Ref. 10) and its
transfer to the (reduced) flavin position N(1)—C(2)=0 (pK
6 to 7; see Ref. 2), which should thus function as a “charge
sink.” The attack to position N(5) might indeed be facilitated
by the presence of a protonated base near N(1). The presence
of a base in lactate oxidase and in related enzymes which
stabilizes the red anionic flavin radical was suggested by
Hemmerich (2) and Hemmerich and Massey (41). Recently,
evidence in favor of this hypothesis was obtained by the use
of modified flavin coenzymes, which can act as probes of the
dipole environment at the active site (42). A positively charged
group such as an arginine residue probably serves in the
binding of the carboxylate group of substrate, and might
function in stabilizing the developing carbanion charge.
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Finally, a comment should be made on two intriguing
observations: with L-lactate oxidase and cytochrome &, recon-
stituted with 5-deaza-FMN, the labeled a-hydrogen of the
substrate is incorporated at the deazaflavin position C(5) and
also transferred back to pyruvate (43, 44). These results, at
first sight, would indicate a hydride transfer mechanism. On
the other hand, deazaflavins have been implied to be better
nicotinamide than flavin analogs; they could thus function as
“flavin-shaped” nicotinamide hydride acceptors (45). Intrigu-
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ingly, space-filling models for the reaction sequence of Scheme
4 indicate that the steric orientation of flavin, substrate and
base, which is required for proton abstraction in a carbanion
mechanism, would have to be modified only to a minor extent
in order to catalyze a hydride transfer to the flavin. This
possibility could indeed yield an explanation of the apparent
dilemma.

In conclusion, the occurrence and properties of the covalent
adducts provide the first direct evidence for the catalytic role
of flavin N(5) covalent adducts, and thus fully support the
concepts which have been put forward earlier by various
research groups (1, 2, 7, 8, 19, 46). The first substantive
evidence for the catalytic involvement of a flavin N(5) cova-
lent adduct was provided by the elegant studies of Porter et
al. (19) on the oxidation of the artificial substrates, nitro
alkane carbanions, by p-amino acid oxidase. In this case, the
intermediate could not be visualized directly, but was trapped
by reaction with cyanide. In the present case, the intermediate
is detected directly, and the substrate employed, glycollate,
undergoes the normal oxidative decarboxylation typical of
lactate oxidase. As outlined in Scheme 5, the formation of
covalent adducts by direct addition of the glycollyl residue to
the flavin position N(5) is equivalent to a carbanion mecha-
nism. To our knowledge, this concept was first introduced by
Cornforth (36) and independently by Hemmerich (2, 47).
Although supported indirectly by the experimental findings
of various groups (11-13, 19, 48-50), the present work provides
direct experimental evidence for this mechanism in a normal
catalytic reaction.
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