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Lactate oxidase forms tight complexes
with a variety
of mono- and dicarboxylic
acids. Most of these undergo
facile photoreactions
involving
decarboxylation
of the
carboxylic
acid and formation
of covalent
adducts
at
position
N(5) of the flavin, characterized
by absorption
maxima from 325 to 365 nm and fluorescence
emission
in the range 440 to 490 nm. The properties
of the adducts are strongly
dependent
on the nature of the substituent.
Enzyme-bound
N(!+acyl
adducts
and N(5)CH2-R derivatives
are stable in the dark. Glycollyland
cu-lactyl adducts,
however,
decay to oxidized
enzyme
with half-lives
in the order of minutes.
Upon denaturation of the enzyme, the N(5)-alkyl
adducts decay rapidly or are oxidized
by oxygen. Reduced lactate oxidase
is also photoalkylated
in the presence
of halogenated
carboxylic
acids. Bromoacetate
yields an N(5)-carboxymethyl adduct; with P-bromopropionate,
a C(4a)+propionyl derivate
is formed. The N(5) adduct is identical
with that from the photochemical
reaction
of oxidized
enzyme and malonic
acid. When the native coenzyme
FMN is substituted
by 2-S-FMN,
qualitatively
the same
photoproducts
are formed.
The adducts obtained
with
the 2-S-FMN
enzyme show the expected
bathochromic
shifts in absorption
spectra.
The results indicate
that
the photoreactivity
of the enzyme is restricted
to the
positions
C(4a) and N(5) of the flavin.

Flavoprotein
oxidases and dehydrogenases
catalyze the
oxidation
of a variety of substrates in which, in general,
an activated >Cg group is transformed
to the corresponding
>C = X function. For a detailed discussion of the possible
molecular mechanisms by which the actual reducing equivalents are transferred from the substrate to the flavin coenzyme, we refer to some recent reviews (l-3). In short, three
basic alternatives have been considered: (a) a radical mechanism, (6) a hydride transfer, and (c) covalent catalysis, which
might involve transient
formation
of substrate carbanions
(carbanion mechanism (4)).
In recent years, evidence has begun to accumulate in favor
of a catalytic mechanism involving covalent (flavin coenzymesubstrate) intermediates.
Thus, with D-amino
acid oxidase,
Porter et al. (5) were able to trap an intermediate
flavin N(5)
adduct arising from the reaction of this enzyme with the
artificial substrates nitroalkane
anions (5). Several flavin enzymes which oxidize a-hydroxycarboxylic
acids were found to
be inhibited irreversibly
by the “suicide” substrate cu-hydroxybutynoate in a reaction which probably parallels the catalytic
mechanism (6-8). In the case of L-lactate oxidase, a covalent
* The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “aduertisement”
in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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N(5)-C(4a) inhibitor-coenzyme
adduct is formed (9). With Dlactate dehydrogenase
from Megasphera
elsdenii,
position
N(5) is again involved in the irreversible
adduct formation
but, in this case, a cyclic N(5)-C(6) adduct is formed (10).
Monoamine
oxidase is a further case of a flavin enzyme in
which a covalent modification
at position N(5) by suicide
substrates has been documented
(11-13). With succinate dehydrogenase,
a similar mechanism
is also probable
(14). A
different type of covalent adduct, involving the flavin position
C(4a), has been demonstrated
during catalysis in the oxygenactivating systems of flavin-dependent
hydroxylases
(15, 16)
and bacterial luciferase (17). A covalent adduct involving this
position has also been demonstrated
with modified lipoamide
dehydrogenase
(18).
On the other hand, the first example of a catalytically
competent metastable covalent flavin adduct occurring from
substrate “dehydrogenation,”
and involving
a normal substrate, has recently been found by us to occur during the
reaction of L-lactate oxidase with glycoIlate
(19, 20). The
structure has been proposed to be that of a reduced flavin
N(5)-glycollyl
adduct based on absorption
and fluorescence
properties. As pointed out earlier (21), however, a structural
attribution
based solely on spectral comparisons can be equivocal, as isomeric reduced flavin adducts might have similar
optical properties.
The purposes of the present work were twofold. On the one
hand, we set out to study a series of enzyme-bound
C(4a) and
N(5) covalently modified flavin coenzymes in order to provide
a basis for the assignment of structures of enzyme-bound,
covalent substrate-flavin
adducts and, in particular,
in order
to ascertain the structure of the lactate oxidase glycollyl
adducts (19, 20). Our further goal was the use of the photochemical reactivity of lactate oxidase as a tool for the mapping
of the enzyme active center. From recent investigations
with
suicide substrates (8, 9, 22) and transition state analogs (23),
a concept for the stereochemical
mode of binding of substrate
to the enzyme active center has begun to emerge. It requires
the substrate (Y position to be located close to the flavin
position N(5) (22). Thus, the reactivity of specific, enzymebound photosubstrates
might also reflect the position of their
functional
groups relative to the flavin and yield covalent
adducts at different flavin positions. For these purposes, the
high photochemical
reactivity of oxidized and reduced lactate
oxidase, which was reported earlier for the enzyme.oxalate
complexes (24), was extended systematically
to a series of
photosubstrates.
The question of relevance and function of flavin covalent
adducts has also been tackled by several groups working with
chemical model compounds (for review, see Refs. 1 and 2). In
particular,
Hemmerich’s
group (1) has been accumulating
evidence in favor of covalent catalysis, while Bruice and coworkers (25), at least in some defined cases, have questioned
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the validity of the concept
intermediates.

and have proposed

EXPERIMENTAL

radical

pair

PROCEDURES

Materials

Lactate oxidase from Mycobacterium
smegmatis
was prepared as
described by Sullivan et al. (26). Mesoxylate, malonate, tartronate,
pyruvate, halogenated acetic acids, and ,&bromopropionate were from
Aldrich or Sigma. When necessary, they were recrystallized from
suitable solvents after treatment
with charcoal
(this step was particularly
necessary
in the case of iodoacetate).
Methyltartronate
was
obtained
by oxidation
of diethylmethylmalonate
as described
in the
literature
(27). cu-Hydroxybutynoic
acid was a gift from Dr. C. Walsh,
Cambridge,
Mass. and was also prepared
as the lithium
salt, as will
be published
elsewhere.’
2-Thio-FMN
was a generous gift of Prof. P.
Hemmerich,
Konstanz
(28). All other chemicals
and reagents
were
the best commercially
available
grade.
Methods
Spectroscopic
experiments
were
Cary 118 recording
spectrophotometer

carried
out with a Cary 17 or a
at 25°C when not otherwise

specified. Fluorescence measurements were made with a ratio recording instrument
built
by Dr. D. Ballou
and Mr. G. Ford of the
University
of Michigan,
and is similar
to one described
earlier (29).
Activity
measurements
(30) were done by following
oxygen consumption with an oxygen
electrode
(Yellow
Springs
Instruments,
model
53). For anaerobic
experiments,
Thunberg-type
cells were used. Quantum yields were determined
as described
elsewhere
by Knappe
(31).
The light irradiations
were carried out with the apparatus
described
previously
(32) and the light intensity
was measured
with a Yellow

Springs model 65 radiometer and was of the order of 8 x 10” ergs
cm-’ s-‘. Separation
of enzyme
adducts from excess reactants
was
achieved
by passage through
a Sephadex
G-25 column (20 x 1.5 cm)
at 0-4°C.
Pyruvate
was assayed with L-lactate
dehydrogenase
and
NADH
(33). Thin layer chromatography
was carried
out on Merck
precoated
silica gel glass plates.
RESULTS

Photochemical

Reactions

of Oxidized

Lactate

Oxidase

Lactate oxidase in its oxidized state is highly photoactive.
It has been previously shown, for the reaction with the inhibitor oxalate, that this photoreactivity
is inherent to the tight
enzyme.oxalate
complex (24) and that it does not originate
from photoreaction
of free coenzyme, as in the case of the
photoreduction
of most other flavoenzymes with e.g. EDTA
(34), or from reaction of the excited uncomplexed
enzyme.
This photoactivity
has now been investigated in some detail
using carboxylates which are relevant in the context of mechanistic investigations
of this enzyme.
Carboxylates
with a-“Carbonyl”
Functions-Illumination
of the lactate oxidase.oxalate
and oxamate complexes has
been shown earlier to yield, respectively, stable carbonate and
carbamate acyl adducts to position N(5) of the reduced coenzyme (24).
The pyruvate complex reacts in an analogous fashion except
that the reaction is complicated by the appearance of a slowly
decaying red radical species (3536). The photoadduct
is thus
best prepared aerobically. It can be released from the protein
by boiling and separated from small amounts of residual FMN
by thin layer chromatography
in n-butyl alcohol:acetic
acid:
water (4:3:3). The product was nonfluorescent
and had an
absorption
maximum at 305 nm. The released adduct thus
has spectral properties and chromatographic
behavior (RF =
0.67, compared to 0.51 for FMN, in the above system) analogous to those reported for the photochemical
adduct of pyruvate and n-amino acid oxidase, which was shown (37) to be
an N(S)-acetyl adduct. The spectral properties of the enzymebound adduct (Table I) are also closely similar to those of the
’ G. Fendrich

and S. Ghisla,

unpublished

observations.

adducts obtained upon illumination
with oxalate or oxamate
(Table I); its structure should thus be that of reduced N(5)acetyl-FMN.
The lactate oxidase. mesoxylate (ketomalonic
acid) complex
Ki - 1.2 X 10m3 M, at pH 6.0 and 4.0 X lo-” M Cl- (23)) yields,
upon illumination,
an adduct with spectral properties typical
of N(5)-acyl adducts (Table I).
D-Lactate-The
D form of lactate is a strong competitive
inhibitor
of the enzyme (39) and, upon binding to the active
center, causes pronounced
spectral changes in the absorption
spectrum. Illumination
of the complex under anaerobic conditions bleaches the oxidized flavin spectrum. Thus, after 20
min, the 460 nm absorption
had disappeared
almost completely. The fluorescent properties of the reduction product
bLl,iX, excitation = 360 nm; A,,,, emission = 507 nm), as well
as the immediate
reoxidation
observed upon admission of
oxygen, indicate the predominant
formation of free reduced
enzyme. Over 96% of the initial 460 nm absorption
was recovered even after such a long period of illumination,
indicating that little photodecomposition
had occurred.
Malonate-Irradiation
of the tight complex formed by lactate oxidase with malonate (23) leads to rapid bleaching of
the flavin 450 nm absorption and to formation of a new species
whitish-blue
with absorption
h,,, at -365 nm and a strong
fluorescence
emission (Table I). This species is stable to
reoxidation
with O2 while protein-bound
and is identical with
the flavin N(5)-carboxymethyl
adduct obtained from irradiation of the reduced enzyme with bromoacetate
(cfi below).
The adduct is unusual in being converted to the stable blue
radical form by subsequent light irradiation
in the presence of
02. The protein-bound
radical is stable to 02 in the dark for
prolonged periods (no reoxidation
observed over 1 day).
Z’artronate-Tartronate
(hydroxymalonic
acid) forms a
very tight complex with oxidized lactate oxidase similar to
those obtained with malonate
or oxalate (23, 24). In the
complex, the spectrum of the oxidized flavin (Fig. 1) is strongly
perturbated
in a manner very similar but not identical with
that observed with oxalate or malonate (23, 24). Thus, complex formation is pH-dependent,
the dissociation
constants
being 2.4 x lo-” M at pH 6 and 2.7 X 10m4 M at pH 7 in the
buffer mixtures described earlier (23). Illumination
of the
complex with the unfiltered emission spectrum of a tungsten
halogen lamp causes the absorption of the oxidized enzyme to
bleach. This reaction is first very rapid, and has a quantum
yield of 0.005. However, its course is not a pseudo-fist
order
process, as was observed with the oxalate complex (24). In
fact, even after very prolonged irradiation,
reduction cannot
be carried beyond 60%. However, when the irradiation
is
carried out under aerobic conditions with light only of wavelength greater than 450 nm, up to 90% bleaching
can be
obtained (Fig. 1). This is a fist indication that the photoproduct itself is light-sensitive.
The photoproduct
is unstable in
the dark, as will be detailed later.’ It decays under aerobic as
well as under anaerobic conditions to starting oxidized enzyme
with

the

identical

t% of 20 min

at 25°C.

When

it is separated

from unreacted tartronic acid by passage over a short G-25
column at 4°C and subsequently irradiated with light including the near UV portion, the decay rate is greatly enhanced.
When

the

photoreaction

is carried

out

under

anaerobic

conditions with light of wavelength >450 nm until 86% of the
450 nm absorption has been bleached, and then the cuvette is
opened to air, -10% of the total 450 nm absorption is immediately restored. This indicates that the corresponding
amount
of nonsubstituted
reduced enzyme has been formed. The
photoreaction
thus yields -90% adduct formation and -10%
’ V. Massey

and S. Ghisla,

unpublished

observations.
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TABLE

Smctral
Coenzyme

FMN

Substrate

oxidized

or mode

armerties

of covalent

I
adducts

Oxalate/hv

Oxamate/hv
I’yruvate/hv

Mesoxalate/hv
Malonate/hv
Tartronatelhv

of lactate

oxidase
Absorption

position

Adduct

of formation

Oxidase

A,,,.,,

N(5)-CO?
N(5)-CONH?
N(5)-C0CH.j
N(5)-COCOO
N(5)-‘X-COO
N(5)-CHOH-COO

nm (4
327 (8000)
327
325 (8500)
340
365 (5000)
360 (4000)

N(5)-

FlUOreScence

emission

Rate of formation

Ikay
i-ate
(25°C)

A,?,.,,
460
440
None

fast
slow

475
465

Very
Very
Fast
Fast
Fast
Fast

360 (4200)

450

Very

fast

355
360
368
320

(4100)
(4400)
(5000)
(9100)

490
507
502

SlOW
Fast
Fast

360
375 (5000)
315 (9000)

485
530

360 (4000)

465

Fast

3.8 h
4.5 h
Stable
Stable
20 min

Methyltartronate/hv

a-Hydroxybutynoic

acid (9, 38)

enzyme)

w
Synthetic

(21)

N(5)-CH,-CH.4

3.5 min

Stable
Slow

(38)

Stable
Stable

Synthetic (38)

N(5)-(44
I
\
CHJ-CHZ-CHr

Glycollate (19, 20)

N(5)-

FMN reduced

BI-CH,-COO

N(5)-CHJ-COO

365 (4500)

475

Very

fast

Very

stable

m..fi.;

Br-CHL-W-COO

C(4a)-CHL-CHn-COO

380 (4200)

530

Very

fast

Very

stable

No

nd.”

Fast

A
2-S-FMN

Reduced

O

oxidized

/hv
lhr

Cl-CHJ-CHL-CH,-COG

lbv

CH-COO
I
OH

None

Oxalate/hv

Bi-CH-COO
Bi-CHy-(H-COO

/hv
/hv

20 min

N(5)-CH-COOC(4a)-CHJ-CHr-COO

visible
peaks

at

4°C

370 > 465c

550

SIOW

nd.

No visible
peaks

500

Fast

75 min

390

500
600

Fast
Fast

Very
Very

362
455

-

75 min

stable
stable

” n.d., not determined.
reduction. The reduced enzyme itself could be formed either
by photodecomposition
of the primary adduct or by direct
photoreduction
by a different mechanism. The corrected spectrum of the photoproduct
has a maximum at 360 nm (Fig. 1)
and a shape very similar to those of reduced flavin N(5)-alkyl
adducts (Table I); like such adducts, it also has a strong
fluorescence emission maximal at 465 nm (40).
The peculiar decay of the adduct to oxidized enzyme, however, raises the question of its formal oxidation-reduction
state, i.e. if, during the photoreaction,
an oxidative decarboxylation has indeed occurred. In such a case, denaturation
under anaerobic
conditions
should yield reduced FMN +
glyoxylate (Scheme 1). If the photoreaction,
however, would
occur by another mechanism not involving decarboxylation,
then the decay as well as the anaerobic denaturation
should
yield oxidized enzyme + 1 eq of tartronate.
When the denaturation
is carried out anaerobically
by addition of guanidine. HCl to a final concentration
of 4 M and the
process is followed spectrophotometrically,
the photoreaction
mixture composed of 80% (fluorescent) adduct and 20% (nonfluorescent)
oxidized enzyme is converted to a mixture of
denatured enzyme plus 80% (nonfluorescent)
reduced FMN

+

H-&OH

SCHEME

and 20% (fluorescent)
oxidized FMN. Admission
of air immediately
restores the expected total amount of oxidized
FMN.
Methyltartronate-The
photoreaction
of the lactate ox-
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rapid formation of the blue radical (h,,,;,, at -345 and -600
nm; compare to Fig. 2) which, however, decays only slowly to
oxidized flavin.
Acidification
of the adduct (6 N HCl) yields a species with
A,,,;,, at 400 and 560 nm, which is characteristic
for 5-alkylated
flavoquinonium
cations (41). These results are consistent with
the formation of a reduced flavin N(5)-/-propionyl
adduct
and its oxidation according to the sequence of Scheme 2.

-E
hv

WAVELENGTH

( nm )

idase . methyltartronate
complex would be of obvious interest,
as decarboxylation
should lead to formation of a lactyl adduct
of the reduced enzyme (Scheme l), e.g. to the catalytic covalent intermediate
postulated to occur during oxidation of Llactate (19, 20).
Methyltartronate
binds to lactate oxidase with a K,, of
-1.6 X lo-” M at pH 6.0, and in lo-’ M Mes (2.(N-morpholino)ethanesulfonic
acid), the reaction
proceeds with
isosbestic points at 457, 328, and 317 nm and the complex is,
in most respects, identical with that found with tartronate
(Fig. 1). The light sensitivity of the complex is very high; thus,
l-min aerobic illumination
under the conditions described in
Fig. 1 for the tartronate
complex leads to ~85% bleaching of
the 450 nm absorbance (Table I). The photoproduct
is also
very unstable; it decays under aerobic or anaerobic conditions
to oxidized enzyme with half-lives of 26 and 3% min at 0” and
25”C, respectively. The spectral and fluorescence properties
of the adduct (Table I) are consistent with formation
of a
reduced FMN-N(5)-cu-lactyl
adduct. When the photoreaction
is carried out under anaerobic
conditions,
a similar 80%
bleaching of the 450 nm absorption
is observed. However, a
long wavelength absorption is also formed, which is similar to
that observed transiently
upon anaerobic
reduction
of the
enzyme by L-lactate (30) and which was attributed
to the
reduced enzyme. pyruvate charge-transfer
complex (41).
Admission of air causes a very rapid reoxidation
of part of
the enzyme to occur. From the amounts of reoxidation
occurring by this rapid oxidation
with On, as compared to the
amount of spontaneous decay with t% at -3% min, it can be
estimated that the photoreaction
under anaerobic conditions
leads to formation of -80% reduced enzyme.pyruvate
complex and -20% metastable adduct. In accord with this interpretation is also the finding of -80% of the expected amount
of pyruvate after anaerobic irradiation.
Succinate-The
photoreactivity
of the lactate oxidase.
succinate complex is analogous to that of the malonate complex and, under anaerobic conditions, leads to formation of a
typical reduced flavin N(5) adduct. This is evidenced by its
absorption and fluorescence properties (Table I). As expected,
the adduct shows an enhanced stability as compared to the
malonate photoadduct
and to the adduct obtained from reduced enzyme and bromoacetate
(below). Thus, the enzymebound adduct is stable for over 24 h at 25°C; release of the
flavin by guanidine. HCl denaturation
(7.5 M, pH 7) leads to

A max=600nm
&XEME

Photochemical

Reactions

A max=560

2

of Reduced

Lactate

Oxidase

Reaction with a-Halogenated
Acetates-X-CH&OO(X
= Cl, Br, or I) binds to the active center of reduced lactate
oxidase; this is evidenced by a -10 nm blue shift of the
spectrum of the reduced enzyme and a quenching
of its
fluorescence upon addition of halogenoacetate
in 5 X 10 ’ M
concentrations.
Incubation, in the dark, of the reduced enzyme
complexes causes no significant spectral alteration, and subsequent admission of oxygen immediately
restores the spectrum of the oxidized enzyme. However, when the complex is
illuminated
under the conditions detailed under “Methods,”
a very rapid reaction occurs (t% = -5 s, in the case of
bromoacetate),
which leads to formation of a new species with
X,,;,, at -365 nm (isosbestic points at 355 and 393 nm) and to
an approximately
5-fold increase in the fluorescence, which
has now a maximum shifted to 475 nm (Table I).
Admission of air at the end of the photoreaction
leads to a
rapid 2.5% increase in the 450 nm absorption, which is attributed to the presence of residual 2.5% nonmodified
reduced
enzyme. Over 24 h, no further spectral changes are observed
when the photoproduct
is kept at 4°C in the presence or
absence of oxygen. However, when the protein is denatured
with guanidine
HCl (7 M), in the presence of oxygen, the
absorption of the product (Fig. 2) and the fluorescence emission immediately
disappear, while a species with A,,,.,,at -350,
520, and 590 nm is rapidly formed. As shown on Fig. 2 (Curue
I) at 20 s after addition of guanidine, the blue intermediate
has not quite reached maximum formation;
it then decays
isosbestically to oxidized FMN as shown by the final spectrum
on Fig. 2 and by the fluorescence emission at 520 nm. The
spectrum of the blue intermediate
is closely similar to that of
N(5)-substituted
(neutral) flavin radicals (36). When the denaturation
with guanidine HCl (4 KIM) is carried out under
anaerobic conditions, the fluorescence and absorption of the
photoproduct
are modified immediately
and a species with
A,,,;,, at -345 nm is formed. Such spectra are characteristic
of
N(5)-substituted
1,5-dihydroflavins
in solution (40). Admission of oxygen after anaerobic denaturation
causes a burst
increase in absorption at >500 nm, which subsequently decays
to form free oxidized FMN in a fashion similar to that shown
in Fig. 2. It should be pointed out that the spectral properties
and the chemical behavior of the bromoacetate
photoadduct
of reduced lactate oxidase are closely similar to those of
lactate oxidase reconstituted
with 5-ethyl-dihydro-FMN
(Table I). The latter yields, upon aerobic denaturation,
the same
type of blue radical. With iodo- and chloroacetate,
the same
product is formed; however, with iodoacetate,
considerable
amounts of a red radical arise in an interfering
side reaction.
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FIN. 1. Photochemical
adduct formation
from the lactate
oxidase tartronate
complex. The enzyme, 3.1 X 10 ’ M in 0.01 M
imidazole/HCl buffer, pH 7.0 (-.-. ), was incubated with 5 x 10 ” M
tartronate at 4°C until the spectral changes accompanying complex
formation (22) had ceased (-. . .-). The complex was then irradiated
at 4’C through a Corning CS 372 filter cutting off light at X < 445 nm.
- - -, the spectrum obtained after 22 min of irradiation at 4’C. This
species contains 10% unreacted oxidized lactate oxidase. p,
the
spectrum of the adduct, corrected for the presence of oxidized enzyme.
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FIG. 2. Demonstration
of blue radical formation from reduced lactate
oxidase
N(5)-CHz-COOtate oxidase, 8.0 X 10.”
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7, 28

700

(nm )

Reaction
with
Bromopropionate-P-Bromopropionate,
upon binding to reduced lactate oxidase, causes similar spectral perturbations
to those observed with bromoacetate.
Illumination of the complex at 0°C results in a rapid (t% = -5 s)
formation of a new species which is characterized
by a h,,, at
-380 nm, a pronounced
shoulder at -318 nm (Fig. 3), and a
fluorescence emission now shifted to 530 nm. Further, prolonged illumination
leads to an increase of absorbance in the
400 and 500 nm region, and is probably due to formation of
some radical anion. For this reason, the reaction is best
stopped when 90 to 95% of conversion has occurred. This is
estimated from the amount of rapid reoxidation
observed
upon admission of air (Fig. 3) which corresponds
to the
amount of nonreacted reduced enzyme. The adduct itself is
stable for several days under anaerobic conditions. Denaturation of the protein by either 4 M guanidine HCl or by heat
treatment (20 s, 100°C) leads to an increase in absorption in
the 350 to 500 nm region, corresponding
to formation of 15 to
20% oxidized FMN and to disappearance
of the fluorescence
emission of the adduct. The main component released from
the protein, in contrast to that obtained from the bromoacetate adduct described above, is unreactive towards oxygen. Its
spectrum is characterized
by a maximum
at 358 nm and a
shoulder at 300 nm (Fig. 3), which is characteristic
for the
4a,5-dihydroflavin
chromophore
(40). The released adduct is
reduced by sodium borohydride,
as shown by a decrease of
the 358 nm band, and an increase in the 310 nm region. (1,5Dihydroflavins
do not react with borohydride,
while the 4a,5dihydroisomers
are reduced at position 10a to tetrahydroflavins (40).) Thus, the photoreaction
with P-bromopropionate
yields predominantly
a flavin C(4a) adduct. From the amount
of reoxidation
obtained upon denaturation
and the amount of
stable adduct, the photoreaction
can be estimated to yield
-90% C(4a), and -10% N(5) adduct.
4-Chlorobutyric
acid binds to reduced lactate oxidase, as
evidenced by a 50% quenching of the fluorescence emission;
however, the complex is photoinactive.
Formation

M

idazole/HCl, pH 7.0, was reduced with
lo-” M L-lactate and the covalent adduct
was formed by illumination of the reduced enzyme. bromoacetate complex
(Br-CH&OO-;
0.02 M) in the same way
as described in the legend to Fig. 3.
- - -, the spectrum of the adduct at the
end of illumination and dilution to 9.4
x lo-” M. A sample of the adduct at the
same final concentration was made 7 M
in guanidine HCl, pH 4.0, and the spectra
were recorded at the times given after
mixing:
Curve I, 0.2 min; 2, 3 min; 3, 6

Rjb-@

z

M

2-Thio-FMN-Lactate

of lactate oxidase (42) can be reconstituted
active holoenzyme
with 2-S-FMN.
This

FIG. 3. Formation
of C(4a) adduct
by irradiation
of reduced
lactate
oxidase
and /3-bromopropionate.
A 3.3 x lo-’ M solution
of lactate oxidase in 0.04 M Cl- (Tris, imidazole,
piperazine,
each lo-’
M), pH 7, was made anaerobic
(&rue
I) and then reduced with 2 x
1O-4 M L-lactate
to yield Curve 2. Addition
of 0.04 M ,&bromopropionate, pH 7, caused a minor spectral perturbation
of the spectrum
(not
shown).
This solution
was then illuminated
for 10-s increments
as
described
under “Methods.”
Curve 3 was obtained
after a total of 40.
s illumination
(isosbestic
points at 330 and 370 nm). Admission
of air
immediately
restored
approximately
12% of the absorption
in the 450
nm region to yield Curve 4. Heat denaturation
of the irradiated
enzyme
yielded
a supernatant
with a X,,,,, at 360 nm and a strong
shoulder
at 450 nm (not shown).
Subtraction
from this spectrum
of
the absorption
due to oxidized
FMN
and correction
to 100% yields
the spectrum
of Curve 5, which should represent
the absorption
of
the 4a-substituted
4a,Sdihydroflavin
in solution
(structure inset).
modified lactate oxidase reacts rapidly with L-lactate; reduction of the oxidized 2-S- flavin goes along with a -90% bleaching of the 515 nm absorption (Fig. 4). In analogy to the native
enzyme and to free 2-S-FMN,
oxidized 2-thio-FMN-lactate
oxidase is devoid of fluorescence; the reduced form, however,
shows a weak yellow-orange
emission maximal at 540 nm.
Additions of 5 X lo-’ M concentrations
of bromoacetate
or pbromopropionate
do not modify the spectrum of the reduced
enzyme significantly.
Illumination
in the presence of such
concentrations
of these halogenated
carboxylic acids causes
rapid photoreactions
to occur. With ,&bromopropionate,
new
maxima at 362 and 455 nm (Fig. 4) appear, while with bro-
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Wavelength

oxidase

with

a-hy-

The artificial enzyme, 10 ’ M in 2-thio-FMN content, in 0.01 M imidazole, pH 7.0, 25°C (&rue I) was reacted anaerobically with 5 x 10 4 M Dl-ol-hydroxybutynoate.
Curve 2, spectrum
taken 1 min after mixing; Curves 3 and 4, 21 and 70 min, respectively,
after mixing.

lnml

FIG. 4. Spectral
properties
of C(4a) and N(5) adducts
of 2-SFMN-lactate
oxidase.
Curve 1, the spectrum of oxidized S-S-FMN-

lactate oxidase, 5 x IO-” M in 0.01 M imidazole/HCl, pH 7.0. Curve 2,
spectrum of the reduced modified enzyme obtained by anaerobic
addition of 1.5 X lo-“ M L-lactate. The N(5)-CH&OO~
(&rue 3) and
the C(4a)-CH&HXOO-(Curve 4) adducts were obtained after
illumination of the reduced enzyme in the presence of bromoacetic
acid and P-bromopropionic acid, respectively, as described in the text.
Curves 2, 3, and 4 were obtained by correction for the presence of 10
to 150/Ounreacted oxidized enzyme.
moacetate, only minor spectral changes are produced. In both
cases, however, relatively strong fluorescence emissions characterize the products (Table I), the excitation spectra of which
are closely similar to the corresponding
absorptions
(Fig. 4).
Admission of oxygen leads, in both cases, to a rapid 3 to 5%
increase of the absorbance at 515 nm, which is due to reformation of the oxidized chromophore
from a corresponding
amount of nonreacted reduced 2-thio-FMN.
The photoproducts are then stable for several days at room temperature,
indicating
that the products are covalent adducts of the reduced 2-thioflavin.
Denaturation
of the bromoacetate
adduct with 4 M guanidine HCl at pH 4 and 0°C leads to formation of a blue species
with h,,, at 355, 515, and 665 nm (E -5000 M-’ cm-‘), which
is attributed to the 2-S-5-carboxymethyl
neutral flavin radical
and which, within hours, is further oxidized to a species having
the characteristic
chromophore
of an alloxazine
(X,,, at 410
and 460 nm, .Z -14,000 Mm’ cm-‘). No major spectral changes
are observed upon release of the bromopropionate
photoadduct by denaturation
with guanidine
HCl or by heat treatment. This is in agreement with the expected stability of a
C(4a)-substituted
4a,5-dihydroflavin
(43).
Formation
of a 2-Thio-4a,S-Dihydro-FMN
Z-Thio-FMN-Lactate
Oxidase
a-Hydroxybutynoic

lnm]

of 2-thio-FMN-lactate

by Reaction
Acid

Adduct
with

of

The suicide substrate a-hydroxybutynoic
acid has been
shown to irreversibly inhibit native lactate oxidase by formation of a covalent 4a,5-cyclic adduct (9). A very similar reaction is observed with the artificial 2-S-FMN-containing
enzyme. Addition of the inhibitor to the oxidized enzyme causes
a rapid bleaching
of the 515 nm absorption
(Fig. 5). The
primary adduct resembles, in its spectral shape, reduced 2-SFMN lactate oxidase (Fig. 4). This intermediate,
probably the
nonmodified
reduced enzyme, is converted isosbestically to a
new species with X,,, at 371 and 450 nm (Fig. 5) which has a
weak orange fluorescence with emission maximum at -550
nm (Table I). In view of the fact that 2-thio-FMN-lactate

oxidase shows a catalytic behavior which parallels that of the
native enzyme,” it is logical to assume also that the present
irreversible adduct formation proceeds in an analogous fashion, i.e. that the same covalent C(4a)-N(5)-cyclic
adduct (9) is
formed.
DISCUSSION

The photoreactivity
of the complexes of oxidized lactate
oxidase with carboxylic
acids appears to follow a distinct
pattern: in all the cases investigated,
only N(5) adducts of the
reduced enzyme-bound
FMN have been found (Table I). In
contrast to this, in free solution, the photoreaction
of flavins
with a variety of carboxylic acids yields predominantly
C(4a)
adducts (44). In solution, the flavin positions 4a, 5, 6, 8, and 9
have been shown to be photoactive
(1).
With regard to the mechanism of “photoreduction”
of lactate oxidase, it appears that this process goes along with an
oxidative decarboxylation.
The enhanced rate observed with
substrates having electron-withdrawing
groups at the a position would be in agreement with the occurrence of an anionic
transient which can arise from decarboxylation
and then adds
to the flavin position N(5) (Scheme 3).

SCHEME

3

Such a mechanism
is in agreement with recent findings
obtained by Traber and co-workers
in the model system,
which show that the photoreaction
of flavin with oxalate
yields predominantly
COZ + COZ2-, with no formation of COs”(Footnote 4 and Ref. 44). The attractiveness
of such a mechanism resides, as also pointed out by Hemmerich
et al. (44),
in the similarity to the carbanion mechanism put forward by
Walsh et al. (4) for the normal catalytic process, and for which
the occurrence of N(5) covalent adducts is postulated (19,20).
The photoalkylation
of reduced lactate oxidase is, to our
knowledge, the first example of a photoreaction
of a substrate
with a reduced flavin. The reaction is also peculiar in that it
represents a “photoinduced”
alkylation of the reduced coenzyme which, in the dark, is unaffected by the same reagents.
” Y. S. Choong and V. Massey, unpublished observations.
4 R. Traber, H. E. Kramer, and P. Hemmerich, personal communication.
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With respect to the position of attachment
of carboxylates
(i.e. of substrate) to the reduced enzyme active center, the
results obtained from the photoreactivity
of the reduced enzyme support the qualitative
conclusions
drawn from the
experiments with the oxidized form. Thus, with a-halogenoacetates, only N(5) alkylation
is observed (Table I). With pbromopropionate,
90% alkylation
occurs at position C(4a),
while with y-chlorobutyrate,
no photoreaction
is found. In free
solution, the dark alkylation
of reduced flavin with halogenoacetic acid and ,&bromopropionic
acid yields exactly the
reverse distribution
(43). The results thus indicate that the
photoreactivity
is governed primarily by the protein-induced
reciprocal orientation
of coenzyme and (photo)substrate.
In
particular, the remarkable dependence of the position of flavin
substitution
on the chain length of the photosubstrate
suggests a mode of binding as shown in Scheme 4, in which its LY
position is juxtaposed to the flavin N(5).

SCHF.ME

4

Thus, the carboxylic acid chain would lie on the plane of
the flavin and extend towards positions N( 1) to N(lO) in a way
which allows interaction
of its (Y position with the flavin
position N(5) and of its ,0 position with the flavin position 4a.
This proposal is in accordance with the formation of a 4a,5cyclic adduct of lactate oxidase with n-hydroxybutynoic
acid
(9), with formation of a N(5)-C(G)-cyclic
adduct in the case of
n-lactate dehydrogenase
(lo), and with the stereochemical
concept of binding of substrate to the active center of these
enzymes put forward elsewhere (22).
The structure assignment of the adducts listed in Table I is
based on several lines of evidence. (a) The spectral and
chemical properties
of the adducts indicate that the substitutions must have occurred at the oxidation-reduction
positions C(4a) or N(5). In fact, modifications
at the other photoactive positions C(S), C(8), or C(9) would yield products
with significantly
different properties (Ref. 1, and literature
cited therein). Thus, only derivatives on the 4a,5- and 1,5dihydroflavin
need to be considered, and a differentiation
has
to be made between these two chromophores.
(h) Cyclicsubstituted
4a,5-dihydro-FMN
of ascertained
structure and
bound to lactate oxidase (38) has a typical two-banded
spectrum and a fluorescence emission in the 530 nm range (Table
I). The adduct formed from ,&bromopropionate
(4a-carboxyethyl-4a,5-dihydroflavin;
cfi Fig. 3) follows this pattern in both
native enzyme and also with the 2-S-FMN-reconstituted
lactate oxidase, as shown by the spectrum of the a-hydroxybutynoate adduct of the latter (Fig. 5). A further main argument
in the structure assignment of C(4a) adducts is their inertness
towards oxygen oxidation and the reactivity towards borohydride after release from the protein as compared to l$dihydroflavins. The relative chemical inertness of 4a adducts and
their specific reactivity
with borohydride
has been documented earlier with flavin model compounds (38,43). (c) The
structure of N(5) adducts is characterized
by the relatively
narrow band of absorption in the near UV with a h,,,,, at -360
nm (Fig. 2) and the blue fluorescence in the 450 to 480 nm
range, these properties
being in agreement
with those of

lactate oxidase reconstituted
with authentic 5-ethyl-dihydroFMN (Table I). The main criterion for N(5) substitution
is,
however, the course of oxidation with oxygen observed upon
denaturation
of the protein. Thus, formation
of the blue
(neutral)
radical (Fig. 2) is unique for N(5)-alkylated
1,5dihydroflavins
(35).
An unequivocal assignment bf C(4a)- or N(5)-flavin
adduct
structures appears thus possible by the criteria outlined above.
These criteria also apply for the structures of flavoenzyme
covalent intermediates
reported so far (15, 17-20).
The difference in stability between the N(5)-carboxymethyl
and the N(5)-carboxyethyl
adducts is not surprising and deserves a comment. In solution, both will first be oxidized by
oxygen to the blue radicals. The latter, however, will exist in
a disproportionation
equilibrium
with the corresponding
5substituted
flavoquinonium
cations (43). Of these, only the
carboxyethyl
derivative should be relatively stable, while the
carboxymethyl
one should decarboxylate
rapidly to yield an
immonium
cation in a way similar to that described for the
decay of 5-methylflavoquinonium
cations (38,46) (Scheme 2).
Finally, the ability of the protein to stabilize inherently
unstable flavin derivatives should be emphasized. Many examples of this are obvious from the results presented here,
but two may be singled out for comment. The N(5)-glycollyl
adduct of lactate oxidase at first sight might appear to be
relatively unstable, with a f’/L value of 20 min at 25°C. However, on release from the protein by denaturation
of the latter,
the adduct decay is so fast that rapid reaction techniques are
required
to monitor
it. The N(5)-alkyl
dihydroflavins
discussed above (the carboxymethyl
and carboxyethyl
derivatives) are examples which are relatively stable in free solution,
reacting rapidly with 0, to yield a radical which then decays
over a period of minutes or hours. However, even this stability
is greatly enhanced in the protein-bound
state, where no
reaction with 0, was observed over a period of days.
The ability of lactate oxidase to undergo facile photochemical reactions to yield stabilized N(5) and C(4a) derivatives,
and its apparent ability to bind modified flavin coenzymes
(such as 2-thio-FMN
illustrated in this work) combine to offer
the possibility of the easy spectral characterization
of the N(5)
and C(4a) derivatives of artificial flavins which are beginning
to be used in mechanism studies of flavoenzymes.
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