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ABSTRACT: Saccharomyces cereVisiae flavocytochromeb2 (L-lactate:cytochromec oxido reductase, EC
1.1.2.3) is a homotetramer, with FMN and protoheme IX binding on separate domains. The flavin-binding
domains form the enzyme tetrameric core, while the cytochromeb2 domains appear to be mobile around
a hinge region (Xia, Z. X., and Mathews, F. S. (1990)J. Mol. Biol. 212, 867-863). The enzyme catalyzes
electron transfer fromL-lactate to cytochromec, or to nonphysiological acceptors such as ferricyanide,
via FMN and hemeb2. The kinetics of this multistep reaction are complex. In order to clarify some of its
aspects, the tetrameric FMN-binding domain (FDH domain) has been independently expressed in
Escherichia coli(Balme, A., Brunt, C. E., Pallister, R., Chapman, S. K., and Reid, G. A. (1995)Biochem.
J. 309, 601-605). We present here an additional characterization of this domain. In our hands, it has
essentially the same ferricyanide reductase activity as the holo-enzyme. The comparison of the steady-
state kinetics with ferricyanide as acceptor and of the pre-steady-state kinetics of flavin reduction, as well
as the kinetic isotope effects of the reactions usingL-2-[2H]lactate, indicates that flavin reduction is the
limiting step in lactate oxidation. During the oxidation of the reduced FDH domain by ferricyanide, the
oxidation of the semiquinone is much faster than the oxidation of two-electron-reduced flavin. This order
of reactivity is reversed during flavin to hemeb2 transfer in the holo-enzyme. Potentiometric studies of
the protein yielded a standard redox potential for FMN at pH 7.0,E°7, of -81 mV, a value practically
identical to the published value of-90 mV for FMN in holo-flavocytochromeb2. However, as expected
from the kinetics of the oxidative half-reaction, the FDH domain was characterized by a significantly
destabilized flavin semiquinone state compared with holo-enzyme, with a semiquinone formation constant
K of 1.25-0.64 vs 33.5, respectively (Tegoni, M., Silvestrini, M. C., Guigliarelli, B., Asso, M., and
Bertrand, P. (1998)Biochemistry, 37, 12761-12771). As in the holo-enzyme, the semiquinone state in
the FDH domain is significantly stabilized by the reaction product, pyruvate. We also studied the inhibition
exerted in the steady and pre steady states by the reaction product pyruvate and by anions (bromide,
chloride, phosphate, acetate), with respect to both flavin reduction and reoxidation. The results indicate
that these compounds bind to the oxidized and the two-electron-reduced forms of the FDH domain, and
that excessL-lactate also binds to the two-electron-reduced form. These findings point to the existence of
a common or strongly overlapping binding site. A comparison of the effect of the anions on WT and
R289K holo-flavocytochromesb2 indicates that invariant R289 belongs to this site. According to literature
data, it must also be present in other members of the family ofL-2-hydroxy acid-oxidizing enzymes.

Flavocytochromeb2 (Fcb21) from Sacharomyces cereVi-
siae (L-lactate: cytochromec oxido reductase, EC 1.1.2.3)
is a component of yeast mitochondrial intermembrane space
(1), where it catalyzes the oxidation ofL-lactate to pyruvate

and transfers the reducing equivalents to cytochromec (2).
The enzyme is a homotetramer (4× 57 kDa) (3), with each
subunit composed of two functionally distinct domains, a
C-terminal flavodehydrogenase (FDH) domain containing
FMN and an N-terminal cytochrome domain with protoheme
IX (4). The crystal structure indicates that the heme domain
is mobile with respect to the tetrameric flavodehydrogenase
core.

The steady- and pre-steady-state kinetics of Fcb2 under a
variety of conditions (5-8), as well as the redox potentials
of its prosthetic groups (5, 9, 10), and the mechanism of
electron transfer to cytochromec (11-14) have been the
focus of numerous studies. The enzyme catalytic cycle
involves the oxidation of lactate to pyruvate with FMN
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reduction as the main rate-limiting step (8, 15), then two
subsequent single-electron transfers from reduced FMN and
its anionic semiquinone to hemeb2, with a net reduction of
two cytochromec molecules (5, 11-13) (Scheme 1). The
enzyme crystal structure shows that the relevant flavin to
heme electron transfers must take place within a subunit,
with a shortest edge to edge distance between prosthetic
groups of 0.96 nm (4). When ferricyanide is used as acceptor,
it is considered that it takes electrons from the reduced heme
as well as from the flavin semiquinone (16).

Flavocytochromeb2 is known to be inhibited by oxalate
(17-20), by the reaction product pyruvate (6, 9, 14, 18, 19)
and high acetate concentrations (21). As a rule, in the steady
state, the above compounds act as noncompetitive and/or
mixed inhibitors toward the substrateL-lactate. This was
ascribed to their binding to several enzyme redox states. It
was shown in particular that pyruvate binds at the active
site with different affinities depending on the flavin redox
state; pyruvate binding to the semiquinone state increases
the redox potential and inhibits electron transfer to hemeb2

(9, 10, 22). Interestingly, Fcb2 is also inhibited by excess
L-lactate (3, 19, 21).

In order to dissect the enzyme properties, several ap-
proaches were devised in the past to study the FDH domain
independently from the heme domain. A heme-free prepara-
tion was obtained from the Fcb2 apoprotein by reconstitution
with FMN (16); in addition, the two domains of the
Hansenula anomalaenzyme were separated by mild pro-
teolysis (23); more recently, the recombinant tetrameric FDH
domain ofS. cereVisiae Fcb2 was expressed separately in
Escherichia coli(24). Its crystal structure at 2.50 Å resolution
showed little overall difference with that in the intact enzyme
(25). The few kinetic studies of these FDH domain prepara-
tions showed that the kinetic parameters for the reductive
half-reaction were rather similar to those of the intact enzyme
but that the tetrameric domain was unable to efficiently
reduce cytochromec (16, 23, 24, 26). Moreover, the pre-
steady-state reoxidation of the heme-free Fcb2 preparation
by ferricyanide proceeded directly to oxidized flavin, sug-
gesting that the oxidation of reduced FMN by ferricyanide
was slower than the subsequent oxidation of the semiquinone
(16), whereas in Fcb2 the reduced FMN was oxidized by
hemeb2 faster than the FMN semiquinone (7, 13, 21).

In order to obtain better insight into the properties of the
S. cereVisiae FDH domain, we reexamined its mechanism
using steady- and pre-steady-state kinetics as well as poten-
tiometric measurements. Our study also disclosed an inhibi-
tory effect of a number of anions, which may influence
kinetic results found in the literature.

MATERIALS AND METHODS

Enzymes and chemicals. S. cereVisiae recombinant WT
Fcb2 and its recombinant FDH domain were prepared as
described earlier in refs21 and24, 27, respectively, with a
few modifications for the domain. DEAE cellulose was

replaced by DEAE Sepharose, and a second chromatography
on hydroxyapatite was added. Both preparations were stored
at -70 °C in 0.1 M phosphate buffer, 1 mM EDTA, pH 7;
10 mM DL-lactate was added to the Fcb2 preparations to
keep the enzyme in the reduced state. The holo-enzyme
concentrations were expressed as heme concentrations (εox

413

) 129 mM-1 cm-1, εred
423 ) 183 mM-1 cm-1), and the FDH

concentration was determined usingε452 ) 11 mM-1 cm-1

for FMN. L-[2H]Lactate (100% deuterium substitution) was
synthesized as described previously (8). Commercial Na+

pyruvate was recrystallized from water/ethanol. 5-Carba-5-
deaza-FMN was a kind gift from Dr. S. Ghisla.

Kinetic Analysis.Steady-state kinetics were analyzed at 5
°C, 25°C, and 30°C with a Uvikon 943 spectrophotometer,
in 0.1 M phosphate buffer, 1 mM EDTA, pH 7.0 (I ) 0.22
M), containing specified amounts of added KCl, KBr, K+

acetate, Na+ pyruvate, or excess Li+ L-lactate (50-500 mM).
As enzyme concentrations were low (20-40 nM), 10µM
FMN was added to assay cuvettes in order to stabilize the
enzyme. Ferricyanide (∆ε420 ) 1.04 mM-1 cm-1) was used
as acceptor at varying concentrations for experiments at 5
°C in 0.2 cm path length cuvettes. At 25°C and 30°C, a
single ferricyanide concentration of 13 mM was used for
the FDH domain and of 2 mM (saturating) for Fcb2. For
determination ofkcat andKm values, experimental points were
fitted to a Michaelis-Menten equation with a least-squares
iterative nonlinear regression program (Kaleidagraph). Reac-
tion rates were expressed as moles of substrate per mole of
FMN per second.

Rapid reaction studies of FDH reduction were performed
using a DX.17MV stopped-flow spectrophotometer (Applied
Photophysics) at 5°C. The rate of flavin reduction was
monitored at 452 nm. The concentration of FDH after mixing
was equal to 10µM. Typically, 3-4 kinetic traces were
averaged, and analyzed using single-exponential fits. The
reoxidation of reduced FMN by ferricyanide (final concen-
tration, 0.7 to 12 mM) at 5°C was monitored at 480 nm;
for these experiments, the FDH domain (final concentration,
10 µM) in the enzyme syringe was reduced withDL-glyceric
acid, a slow substrate for Fcb2 (28). In the analysis of
reduction or reoxidation rates, the pseudo-first-order rate
constants (kapp) were plotted againstL-lactate or ferricyanide
concentrations and the data were fitted to a Michaelis-
Menten equation or to a linear dependence on concentration.
In some reoxidation experiments the FMN absorbance
changes were monitored at 520 nm. In the 480-520 nm
range, the absorbance changes due to ferricyanide reduction
were negligible (less than 1% of those at 420 nm).

Photoreduction of the FDH Domain.Domain photo-
reduction (13-17 µM) was performed under anaerobic
conditions in 0.1 M K+ phosphate buffer, pH 7.0, in the
presence or absence of 50 mM pyruvate. 5-Deaza-FMN
(0.125 µM) and EDTA (8 mM) were used as photosensi-
tizers. Before protein introduction from a concentrated stock
solution, the solution in a sealed spectrophotometer cuvette
was flushed with O2-free argon for 60 min. Subsequently,
the cell was irradiated for short periods at 20°C with a 100
W lamp at a distance of 20 cm; the progress of the reaction
was followed spectrophotometrically for 1-2 h. The maximal
amount of anionic semiquinone (E-FMN-•) formed under
irradiation was assumed to be defined by the inflection point
of the A380 vs A452 plot. Under these conditions, the redox

Scheme 1
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potential of the system at equilibrium at pH 7.0 (E7) is equal
to the standard potential of the E-FMN/E-FMNH- couple
(E°7), and [E-FMN] ) [E-FMNH-]. The semiquinone
concentration may be calculated from eq 1:

where [E]tot is the total enzyme concentration,ε380
sq, ε380

ïx,
and ε380

red are the molar extinction coefficients for semi-
quinone, oxidized and reduced enzyme states. The separation
between the two single-electron-transfer potentials was
further calculated from the semiquinone formation constant
K (eqs 2 and 3):

Determination of the FDH Domain Standard Redox
Potential. The standard redox potential at pH 7.0 (E°7) was
determined at 25°C using the xanthine/xanthine oxidase
reduction system proposed by Massey (29), using resorufin
(E°7 ) -0.051 V) as redox indicator. The cell containing
0.5 mM xanthine, 40µM resorufin, and 1µM benzylviologen
in 0.1 M K+ phosphate, pH 7.0, was made anaerobic as
above; 14-16 µM FDH domain was then introduced in a
small volume of concentrated stock solution. The reaction
was started by adding 10-20 nM xanthine oxidase. The
progress of the reaction was followed in the spectrophotom-
eter. The extent of resorufin reduction was determined by
monitoring the absorbance decrease at 570 nm, that of flavin
reduction at 452 nm usingε452

ïx - ε452
red ) 9.9 mM-1 cm-1

(18), corrected for a decrease in resorufin absorbance (∆A452

) 0.059∆A570). The FDH domainE°7 was determined from
a plot of log([FDHox]/[FDHred]) vs log([resorufinox]/
[resorufinred]). TheE7 value was calculated from the Nernst
equation (eq 4):

wheren ()2) is the number of electrons transferred.

RESULTS

Comparison of Kinetic Parameters between FlaVocyto-
chrome b2 and Its Isolated FDH Domain.In contrast to the
numerous kinetic studies of the holo-enzyme (30), the studies
of the isolated domain are few (24, 27, 31). We found that
theL-lactate:ferricyanide reductase activity of FDH followed
a “ping-pong” scheme, resulting in a series of parallel lines
of [E]/V vs 1/[lactate] in double reciprocal plots at fixed
ferricyanide concentrations as well as vs 1/[ ferricyanide] at
fixed lactate concentrations (data not shown). When we
determined the kinetic parameters, including the deuterium
kinetic isotope effect, under our usual working conditions
for the holo-enzyme (0.1 M phosphate buffer, pH 7, 30°C),
we found them to be identical within error to those of the
holo-enzyme in terms ofkcat and Km (Table 1). We also
determined the steady-state parameters at 5°C, so as to be
able to compare them to those derived from stopped-flow

experiments. Table 1 showskcat, Km, andDV values at 5°C
for the FDH domain that are somewhat higher than for the
holo-enzyme.

In contrast, two previous studies of the FDH domain had
described distinctly lowerkcat values for the domain com-
pared to the holo-enzyme, under different experimental
conditions (24, 31). When we reproduced these conditions
in our laboratory, we found again that the domain was at
least as rapid as the holo-enzyme (Table 1).

For the oxidative half-reaction at 5°C, we found the
ferricyanideKm

appvalue to be 1.0 ((0.1) mM, whereas it is
lower than 0.1 mM for the holo-enzyme (16, 21). For the
heme-free holo-enzyme (16) and for a Y143F mutant holo-
enzyme in which the mutation significantly slowed down
electron transfer between flavin and hemeb2 (21, 32), the
ferricyanideKm

app values were also higher than for the WT
holo-enzyme. The difference is due to the fact that, in the
latter, hemeb2 takes the first electron from FMNH- more
rapidly than does ferricyanide, as rationalized by Iwatsubo
et al. (16, 17).

The pre-steady-state kinetics of the FDH domain reduction
by L-lactate at 5°C could be fitted with a single exponential
up to 90-95% of the theoretical amplitude. The rates of the
second slower phase (1.0-10 s-1) did not depend onL-lactate
concentration, most probably reflecting a slight inhomoge-
neity of the FDH preparations. The results are given in Table
2, where it can be seen that they are very similar to those
determined independently for the holo-enzyme. The flavin
reduction ratekred is also very close to thekcat value obtained
at the same temperature (Table 1), confirming that flavin
reduction is even more rate-limiting for the isolated domain
than for the holo-enzyme.

Table 1: Influence of Reaction Conditions on Steady-State Kinetic
Parameters for Lactate Oxidation by the FDH Domain

enzyme ref
kcat

(s-1)
Km

(mM)
kcat/Km

(s-1 mM-1) DV

100 mM Phosphate Buffer, 1 mM EDTA, pH 7, 30°C
FDHa this work 259( 23 0.66( 0.13 407( 122 5.4( 0.5
holo-enzymeb 21 270 0.49 551 4.2

100 mM Phosphate Buffer, 1 mM EDTA, pH 7, 5°C
FDHa this work 133( 1 1.18( 0.01 113( 2 6.8( 0.2
holo-enzymeb this work 117( 1 0.89( 0.11 131( 21 4.0

100 mM Phosphate Buffer, 1 mM EDTA, pH 7.5, 25°C
FDHa this work 240( 13 0.66( 0.07 363( 58 6.0( 0.1e

FDHc 31 100 0.36 278 3.7
holo-enzymeb 31 186 0.16 1162 2.9

10 mM Tris/HCl Buffer, NaCl toI ) 0.1 M, pH 7.5, 25°C
FDHa this work 214( 29 0.86( 0.03 249( 42 7.4( 0.8e

FDHd 24 137 0.22 623 3.8
holo-enzymeb 32 200 0.49 408 4.7d

a 13 mM ferricyanide.b 1 or 2 mM ferricyanide.c 3 mM ferricyanide.
d 10 mM ferricyanide.e Determined at 20 mML-lactate,L-(2H)lactate,
and 13 mM ferricyanide.

Table 2: Stopped-Flow Kinetic Parameters for Flavin Reduction by
L-Lactatea

enzyme kred(s-1) Km (mM) kred/Km (s-1 mM-1) DV

FDH 149( 5 1.03( 0.13 145( 23 7.8( 0.2
holo-enzymeb 144 0.89 162 7.2

a The experiments were carried out in 100 mM phosphate buffer, 1
mM EDTA, pH 7 at 5°C in the absence of ferricyanide.b Taken from
ref 21.

A380 ) ε380
sq[E-FMN-•] + (ε380

ïx + ε380
red)([E]tot -

[E-FMN-•])/2 (1)

K ) [E-FMN-•]2/[E-FMN] × [E-FMNH-], (2)

E7(E-FMN/E-FMN-•) - E7(E-FMN-•/E-FMNH-) )
59 mV× log K (3)

E7 (V) )
E°7 + (0.059/n) log([resorufinox]/[resorufinred]) (4)
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Daff et al. (7) used the slow substrate glycolate for
studying flavocytochromeb2 reoxidation by fast kinetics.
Using a similar approach, we used glyceric acid as a slow
reductant for the FDH domain (28). Typically, after mixing
the prereduced FDH domain with ferricyanide, the pseudo-
first-order reoxidation rate constants (kapp) varied between
50 and 300 s-1, compared to 0.5 s-1 for FDH reduction by
1 mM glyceric acid. Due to the much higher rate of Flred

oxidation by ferricyanide than that of its rereduction by
glyceric acid, the amplitude of the absorbance rise at 480
nm was more than 90% of that expected for the complete
oxidation of FMNH- to FMN. At this wavelength, the
reaction followed strictly monoexponential kinetics. A bi-
phasic absorbance rise would have indicated the transient
formation of E-FMN-•. Similarly, we failed to observe a
transient increase in absorbance at 520 nm, which may have
indicated the formation of anionic semiquinone as the
reaction intermediate (see spectrum in Figure 2A). Thekapp

values exhibited a linear dependence on ferricyanide con-
centration up to the limits imposed by the instrument dead-
time (>300 s-1), indicating a bimolecular reaction, as for
reduced flavin oxidation in heme-free flavocytochromeb2

(16). We calculated the bimolecular flavin oxidation rate
constant (kox) to be equal to (8.5( 0.5) 104 M-1 s-1.

Redox Potential of the FMN Prosthetic Group. According
to the most recent potentiometric data forS. cereVisiaeFcb2
(10), at pH 7.0 and 27°C, the heme has a standard potential

of -3 ( 5 mV, whereas theE°7 of FMN is equal to-90
mV, E7(E-Flox/E-Flsq) ) -45 ( 5 mV, andE7(E-Flsq/E-Flred

) -135( 5 mV. This indicates that the FMN semiquinone
in the holo-enzyme is stabilized, with an equilibrium constant
for semiquinone formationK ) 33.5 (eqs 2 and 3). The
addition of 10 mM pyruvate resulted in further stabilization
of the semiquinone withK ) 925 (10, 14). No potentiometric
data were available for the isolated FDH domain.

We thus carried out a potentiometric titration of the FDH
domain in the presence of resorufin, as described in Materials
and Methods. Figure 1A shows a gradual decrease in FMN
absorbance at 452 nm, without any transient absorbance
increase at 380 nm. The double logarithmic plot (Figure 1B)
gives a slope of 1.2, close to the theoretical value of 1.0 for
the complete redox equilibrium between the 2-electron-
donating dye and the 2-electron-accepting FMN. Under our
experimental conditions, 65-70% flavin reduction and 95%
resorufin reduction were achieved inca.3 h. A partial FDH
denaturation occurred at longer incubation times. This limited
our efforts to slow down the reduction rate by decreasing
the xanthine oxidase concentration. Using eq 4, one calculates
for the FDH domain, from the data of Figure 1,E°7 ) -81
( 3 mV, in good agreement with the value of-90 mV
determined for FMN in the holo-enzyme at 27°C (10).

Photoreduction of the FDH domain in the absence of
ligands resulted in an insignificant absorbance increase at
380 nm (Figure 2B curve 1). For the subsequent calculations,
ε380 values of 9.26 mM-1 cm-1 (E-Flox) and 3.55 mM-1 cm-1

(E-Flred) were determined from the spectra of oxidized and

FIGURE 1: Potentiometric titration of the FDH domain. (A)
Absorbance changes during potentiometric titration of 18µM FDH
domain by 40µM resorufin, and 1.0µM benzyl viologen, in the
presence of xanthine and xanthine oxidase, at 25°C. The spectra
were recorded every 20 min. (B) Double-logarithmic plot of the
titration data in part A, showing a linear relationship between log
[Flox]/[Fl red] and log [resorufinox]/[resorufinred].

FIGURE 2: Photoreduction of the FDH domain. (A) Photoreduction
of 13 µM FDH by 5-deaza-FMN (0.125µM) and EDTA (8 mM)
in the presence of 50 mM pyruvate. Each spectrum was recorded
after a 0.5-1.0 min irradiation. The final spectrum with highest
380 nm absorbance corresponds to a 10 min irradiation. (B)
Relationship between the flavin absorbance changes at 380 and 452
nm during photoreduction in the absence of pyruvate (1) and in
the presence of 50 mM pyruvate (2).
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lactate-reduced FDH domain, respectively; for the semi-
quinone, we usedε380 ) 20.8 or 18.0 mM-1 cm-1 as the
highest and lowest limit of E-FMN-• absorbance, in view
of values reported in the literature (for example,ε384 ) 19.4
mM-1 cm-1 for L-amino acid oxidase (33) andε374 ) 18.0
mM-1 cm-1 for glycolate oxidase (34)). Using the data of
Figure 2B with eqs 1-3, a K value of 1.25-0.64 was
calculated. Combined with the results of the potentiometric
titration, these figures lead to a difference between the FDH
potentials of the first and second electron transfers during
FMN reduction of 6 to 11 mV. All these results indicate
that theE7(Flox/Flsq) andE7(Flsq/Flred) values are very close
to each other, in the range of-78 to -86 mV. They also
show that the FMN semiquinone state of the FDH domain
is significantly destabilized as compared to that of the holo-
enzyme (10).

FDH domain photoreduction experiments were also per-
formed in the presence of 50 mM pyruvate. In this case, the
absorbance decrease at 450 nm was accompanied by a
marked absorbance increase at 380 nm with isosbestic points
at 410 and 502 nm (Figure 2A and 2B curve 2), features
which are typical of the formation of a red (anionic) FMN
semiquinone (33, 34). The highest absorbance at 380 nm
was reached after a 10 min irradiation (Figure 2A); there
was then a slow decay by about 5% in a subsequent 1 to 1.5
h irradiation. Assuming a stoichiometric formation of semi-
quinone, we calculated anε380 value of 20.8 mM-1 cm-1, in
good agreement with the literature values reported above.
These photoreduction experiments indicate that pyruvate
stabilizes the flavin semiquinone state of FDH as it does in
the holo-enzyme (9). The anionic semiquinone states of
homologous lactate oxidase (35) and lactate monooxygenase
(36) were also reported to be stabilized by pyruvate.

FDH Domain Inhibition Studies. As mentioned in the
introduction, Fcb2 is known to be inhibited by the reaction
product, pyruvate, and by high substrate concentrations.
These inhibitions were ascribed to substrate and product
binding not only to the oxidized enzyme but also to the
enzyme when the flavin is in the semiquinone state (14, 21).
More recently, an inhibition at high acetate concentration
was ascribed to an ionic strength effect (21). As the effect
was more marked with a Y143F mutant enzyme, for which
electron transfer to the heme is considerably slowed down
(21, 32), it could not be decided if the stronger inhibition
was due to the mutation or to the mutation-induced uncou-
pling between the domains. It thus appeared of interest to
study these inhibitions with the isolated flavin domain.

In the steady state, in the presence of pyruvate, the
reduction of ferricyanide by the FDH domain also followed
a ping-pong pattern (data not shown). At variedL-lactate
concentrations and a fixed ferricyanide concentration, pyru-
vate behaved as a mixed-type inhibitor towardL-lactate
(Figure 3). Secondary plots yieldedKi ) 6 mM andKi′ )
40 mM. A similar mixed inhibition pattern was also observed
toward ferricyanide at a fixedL-lactate concentration with
Ki ) 11 mM andKi′ ) 27 mM (Figure 3).

Next, the effects of pyruvate were examined in pre-steady-
state kinetic studies of the FDH domain reduction and
reoxidation. Pyruvate acted as a competitive inhibitor of
L-lactate for FDH reduction (Figure 4), withKi ) 9.7( 1.2
mM. In stopped-flow reoxidation experiments with ferricya-
nide, the flavinkox was decreased to (4.0( 0.5)× 104 M-1

s-1 and to (2.2( 0.2) × 104 M-1 s-1 in the presence of 50
mM and 100 mM pyruvate, respectively (Table 4). Pyruvate
did not alter the monoexponential character of FMN reoxi-
dation, monitored at 480 nm, and did not change noticeably
the amplitude of the absorbance rise, as compared with the
reoxidation data in the absence of pyruvate. However, in the
presence of 50-100 mM pyruvate, we detected an absor-
bance rise at 520 nm, which appeared during the instrument
dead time and amounted to 4-7% of the absorbance increase
at 480 nm. The rate of its subsequent decay was similar to
that determined at 480 nm.

High concentrations of chloride, bromide, acetate, and
phosphate, as well as marked excessL-lactate, inhibited the
FDH domain turnover. The inhibition mode of the salts was
similar to that of pyruvate insofar as bothkcat and kcat/Km

values for lactate were affected. Table 3 gives values of these

FIGURE 3: Inhibition of the FDH domain by pyruvate in the steady
state. Top: 10 mM ferricyanide and variableL-lactate; pyruvate
concentrations: 0 mM (1), 10 mM (2), 20 mM (3), 30 mM (4),
and 50 mM (5), in 0.1 M phosphate buffer, pH 7.0 at 5°C.
Bottom: 10 mML-lactate and variable ferricyanide concentrations;
pyruvate concentrations: 0 mM (1), 10 mM (2), 20 mM (3), 30
mM (4), and 50 mM (5), in 0.1 M phosphate buffer, pH 7.0 at 5
°C.
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parameters obtained at a fixed high salt concentration and a
single ferricyanide concentration. The salts as well as high
L-lactate concentrations decreased thekcat/Km value for
ferricyanide as variable substrate. The dependence ofkcat/
Km on salt or L-lactate concentration gave almost linear
Cleland plots (Figure 5), indicating that efficiency of
inhibition decreased in the order pyruvate. Br- > L-lactate
> Cl- > phosphate∼ acetate.

On the other hand, in pre-steady-state experiments,
chloride and acetate behaved as competitive inhibitors of
L-lactate (data not shown), withKi values of 450( 60 mM
and 170( 80 mM, respectively. HighL-lactate concentra-
tions (100-300 mM) did not decrease the flavin reduction
rate, as already observed for the holo-enzyme (21). In pre-
steady-state reoxidation experiments of the domain, acetate
and chloride decreased the ferricyanide reduction rate, as
shown in Table 4.

Effects of Anions on the Kinetics of Holo-FlaVocytochrome
b2 and Its R289K Mutant Form.Since the anions used in
this work appeared to inhibit the FDH domain with a kinetic
pattern similar to that of pyruvate, it appeared that they may
have a common binding site close to the flavin. The first
Fcb2 crystal structure showed pyruvate bound at the active
site with its carboxylate group engaged in an electrostatic
interaction with R376 and in a hydrogen bond with Y143
(Figure 6) (4). In addition, in the structure of the recombinant
WT enzyme-sulfite complex (37) as well as in that of the
Y143F mutant enzyme complex with pyruvate (38), it
appeared that R289 could reorient itself (from the so-called
distal orientation to the so-called proximal orientation), so
as to interact with the negatively charged ligand. Moreover,
in the crystal structure of the FDH domain, R289 also adopts
the proximal orientation in part of the subunits (Figure 6)
(25). Finally, study of the R289K mutant enzyme indicated
that R289 participates in transition state stabilization and must
contribute to the binding of a number of active-site ligands
(39). It was also shown that pyruvate is a purely competitive
inhibitor for the mutant enzyme, which is not sensitive
anymore to inhibition by excess lactate. It thus appeared of
interest to check whether the effect of the mutation extended
to the binding of other anions. The case was investigated by
comparing the WT and R289K holo-enzymes.

The results are presented in Table 5. It is clear that for
the WT holo-enzyme, high concentrations of acetate, phos-
phate, chloride, and bromide inhibit ferricyanide reduction
by influencing bothkcat and kcat/Km values in the usual
ferricyanide reduction test. In contrast, for the mutant
enzyme, they appear to have no influence, within error. It
was confirmed that pyruvate is a strictly competitive inhibitor
(Ki ) (26 ( 9) mM at 5°C, comparable to the value of 39
mM determined at 30°C (39)). It thus appears that the mutant
enzyme capacity to bind anions has been severely impaired
if not lost.

DISCUSSION

The data of the present work enabled us to clarify some
important features of the reactions catalyzed by the Fcb2
FDH domain.

FIGURE 4: Kinetics of the pre-steady-state reduction of the FDH
domain byL-lactate in the absence (1) and in the presence of 25
mM (2) and 50 mM (3) pyruvate.

Table 3: Influence of Anions on the FDH Domain Steady-State
Kinetic Parametersa

additions kcat (s-1) Km (mM) kcat/Km (s-1 mM-1)

noneb 133( 1 1.2( 0.1 113( 2
300 mM phosphatec 101( 1 2.8( 0.1 36( 1
400 mM K+ acetate 86( 1 4.6( 0.1 19( 1
400 mM K+ chloride 60( 1 2.3( 0.1 26( 1
400 mM K+ bromide 45( 1 4.0( 0.1 11( 1

a The experiments were carried out in 100 mM phosphate buffer, 1
mM EDTA, pH 7 at 5 °C, at variableL-lactate concentrations and
constant 10 mM ferricyanide.b Taken from Table 1.c Final phosphate
concentration.

Table 4: Influence of Anions on Ferricyanide Reduction by the
Reduced FDH Domaina

addition kred (M-1 s-1)

none (8.5( 0.5)× 104

50 mM Na+ pyruvate (4.0( 0.5)× 104

100 mM Na+ pyruvate (2.2( 0.2)× 104

400 mM K+ acetate (5.2( 0.4)× 104

400 mM K+ chloride (3.6( 0.3)× 104

a The experiments were carried out in 100 mM phosphate buffer, 1
mM EDTA, pH 7 at 5°C in the stopped-flow instrument. The enzyme
was prereduced with 1 mMDL-glyceric acid, as described in Materials
and Methods.

FIGURE 5: Effect of anions onkcat/Km for ferricyanide with the
increase in salt concentration. The reaction was carried out in 0.1
M K+ phosphate buffer, pH 7.0, 10 mML-lactate. Additions:
phosphate (1), acetate (2), chloride (3),L-lactate (4), bromide (5),
pyruvate (6).
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Kinetic and Potentiometric Characterization of the FDH
Domain. In steady-state experiments, thekcat values with
respect to lactate are, under a variety of buffer and temper-
ature conditions, practically identical with those we deter-
mined for the holo-enzyme (Table 1). In contrast, other
investigators found distinctly lowerkcat values for the domain
than for the holo-enzyme, values which are also lower than
the ones we obtained when we used their conditions (24,
31) (Table 1). A possible explanation for these differences
is the relative instability of the domain. We found that it
rapidly lost activity at concentrations of∼10-20 µM, so
that we routinely added 10µM FMN to these dilutions as
well as to the assay cuvettes, where the enzyme is 20-40
nM. TheKm

app value for ferricyanide is high relative to that
of the holo-enzyme, as was found with the heme-free
flavocytochromeb2 (16) and the recombinant domain under
different buffer conditions (24).

There isa priori no compelling reason for having similar
steady-state rates (kcat) of lactate oxidation for the two
flavodehydrogenase forms, since, as mentioned before, the
acceptors for the two monoelectronic oxidative half-reactions
are different, and therefore the actual transfer rates may be
different. The rationale for the rate similarity is given by
the values of the kinetic deuterium isotope effects. They show
flavin reduction to be the main rate-limiting step in the holo-
enzyme turnover, at least under our experimental conditions
(8, 15) (see below for further discussion). The fact that we
measured a pre-steady-state rate for the FDH domain which
is close to that determined in the steady state suggests that
flavin reduction may be even be more rate-limiting for the
domain than for the holo-enzyme. The values of the present
kinetic isotope effects as well as the high rate constant for
ferricyanide reduction by FMNH- support this idea.

The data on the FDH domain photoreduction and redox
potentiometry (Figures 1 and 2) indicate that the flavinE°7

is practically the same as that in the holo-enzyme (10),
whereas its semiquinone state is markedly destabilized. This
difference is unexpected in view of the mobility of the heme
domain relative to the tetrameric FDH domain core (4, 40).
Accumulated observations suggesting the independence of
the domains is summarized in ref30. At the present
resolution of 2.3 to 2.5 Å, the crystal structures of the
independent domain and of the holo-enzyme domain do not
differ significantly (4, 25) but one cannot exclude that atomic
resolution would not disclose differences. Another possibility
is that it is the presence of the heme domain, however mobile,
with its capacity to act as an electron sink, that stabilizes
the Flsq form. The amplitude and frequency of the heme
domain movements are unknown at present. Altogether, the
origin of the difference in semiquinone stability between the
FDH domain and the holo-enzyme is unclear. There exists
at least one precedent of an inverse situation. Gao et al. (41)
found that, in spite of a similar redox potential for the isolated
nNOS flavin domain and the holo-enzyme, the separation
between the FMN half-reduction potentials is larger in the
former than in the latter.

During the reoxidation of the reduced FDH domain by
ferricyanide, there is no observable transient formation of
FMN semiquinone, which again agrees with the data on the
oxidation of heme-free flavocytochromeb2 (16). This shows
that the oxidation of E-Flsq by ferricyanide is faster than the
oxidation of E-Flred, the latter being the rate-limiting step in
the reoxidation. The rate constant of reduced flavin domain
oxidation by ferricyanide, (0.85( 0.05)× 105 M-1 s-1 at 5
°C, is not too different from thekcat/Km value of (1.1( 0.2)
× 105 M-1 s-1 we determined at variable ferricyanide
concentrations in steady-state experiments, at the same
temperature.

FIGURE 6: Flavocytochromeb2 active-site residues. Left: Pyruvate bound in the holo-enzyme subunit B (1KBI). The flavin is in the
semiquinone form (4); R289 is in the distal orientation Right: Ethylene glycol from the mother liquors bound in subunit B of the FDH
domain structure (1KBJ). The flavin is in the oxidized form; R289 adopts the proximal orientation; in subunit A, the two orientations are
present. This figure was prepared using Turbo-Frodo (50).

Table 5: Influence of Anions on the Steady-State Kinetic Parameters of WT and R289K Mutant Flavocytochromeb2
a

WT flavocytochromeb2 R289K mutant flavocytochromeb2

addition kcat(s-1) Km (mM) kcat/Km (s-1 mM-1) kcat(s-1) Km (mM) kcat/Km (s-1 mM-1)

noneb 117( 0.4 0.89( 0.11 131( 21 8.6( 0.5 7.0( 0.5 1.23( 0.16
200 mM phosphatec 71 ( 2 0.90( 0.12 79( 13 9.2( 0.4 8.7( 1.2 1.06( 0.19
400 mM K+ acetate 113( 3 2.7( 0.2 42( 4 8.8( 0.5 9.2( 1.3 0.96( 0.19
400 mM K+ chloride 75( 4 1.5( 0.3 50( 14 9.2( 0.2 6.5( 0.4 1.41( 0.12
400 mM M K+ bromide 61( 3 0.94( 0.19 65( 16 7.8( 0.2 5.8( 0.5 1.34( 0.2
a The experiments were carried out in 0.1 M phosphate buffer, 1 mM EDTA, pH 7 at 5°C, at varyingL-lactate concentrations in the presence

of 1.5 and 2 mM ferricyanide for the WT and the mutant enzymes, respectively.b This work (taken from Table 1 for the WT enzyme).c Final
phosphate concentration.
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In holo-flavocytochromeb2, the faster FMNH- to heme
than FMN-• to heme electron transfer may be explained by
the fact that the potential of the E-FMN/E-FMN-• couple is
90 mV higher than that of E-FMN-•/E-FMNH- (10). The
significant semiquinone destabilization in the FDH domain
(Figures 1 and 2), with a difference of only 6 to 11 mV
between the two states, may explain the faster oxidation of
FMN-• than of FMNH-. Since, however, the acceptors for
the flavin-derived reducing equivalents are in one case a
small charged inorganic molecule, in the other case a protein-
bound heme, other factors, electrostatic or steric ones, may
come into play.

Inhibition of the FDH Domain by PyruVate.Fcb2 inhibi-
tion by the product has been the object of numerous studies
in the past, with some conflicting results. A steady-state study
with ferricyanide as acceptor indicated a complex situation:
competitive inhibition at low concentrations (Ki ) 3 mM)
and noncompetitive inhibition at higher concentrations (Ki

) 30 mM) (18). With theH. anomalaFcb2, the inhibition
was noncompetitive at the lowest concentrations, uncom-
petitive at the highest ones (14); this was ascribed to tighter
pyruvate binding to the Flsq state than to Flox and Flred states.
With Fcb2 from both yeast strains, it was shown that
pyruvate binding stabilizes the Flsq state, and alters the
potential of the Flsq/Flred and Flox/Flsq couples (9, 14, 42).
The inhibition of heme reduction by pyruvate was ascribed
to the significant increase of the Flox/Flsq redox potential,
leading to a decreased driving force for transfer between Flsq

and hemeb2 (10, 14). It was proposed that the pyruvate-
Flsq complex was a dead-end complex incapable of transfer-
ring electrons to monoelectronic acceptors such as hemeb2

and ferricyanide. Indeed, withS. cereVisiae Fcb2, Daff et
al. (7) found that pyruvate inhibited pre-steady-state flavin
reoxidation with aKi value of 40 mM. In contrast, Walker
and Tollin interpreted flash photolysis results as indicating
that pyruvate was favoring electron transfer from reduced
heme to Flox (43, 44), but inhibited electron transfer from
Flred to heme (42).

Our findings enable us to clarify certain important aspects
of the inhibition of Fcb2 by pyruvate, by simplifying the
system. Indeed, the most commonly used assay in the steady-
state studies of Fcb2 is an enzyme-catalyzed reduction of
ferricyanide byL-lactate. However, thekcat of this reaction
is under the control of the major rate-limiting step of FMN
reduction byL-lactate (8, 15) and, depending on reaction
conditions, of electron transfer from FMN semiquinone to
heme (7). Besides, the low ferricyanideKm (<0.1 mM (16,
21) complicates the inhibition studies of the enzyme oxidative
half-reaction.

With the FDH domain, while in the steady state pyruvate
was a mixed type inhibitor with respect both to lactate and
to ferricyanide(Figure 3), in the pre steady state it behaved
as a competitive inhibitor of FMN reduction byL-lactate
(Figure 4) and it inhibited FMNH- reoxidation by ferricya-
nide (Table 4). These inhibition features reflect pyruvate
binding to the oxidized and reduced flavin, respectively. The
inhibition patterns of steady-state kinetics of FDH (Figure
3) may be understood using a “ping-pong” scheme of FDH
catalysis, accompanied by product inhibition (eq 5), where
S is L-lactate, P the reaction product, pyruvate, and Q is
ferricyanide. This scheme implies the binding of pyruvate
to all three oxidation states of E-FMN.

The resulting steady-state rate expression (eq 6) shows that
pyruvate must decreasekcat/Km of L-lactate (k1k2/k-1 + k2)
in eq 5), and the rate constants of E-FMNH- and E-FMN-•

oxidation by ferricyanide,k4 andk6:

As observed above, the steady-statekcat/Km for ferricyanide
is close tok4, the rate constant of E-FMNH- oxidation, which
implies thatk6 . k4. Equation 6 may then be simplified (eq
7):

which shows that the presence of pyruvate should also
decrease thekcat/Km of ferricyanide (Figure 3). The pyruvate
Ki values determined from the slopes of double-reciprocal
plots, 6 mM (vsL-lactate) and 11 mM (vs ferricyanide),
correspond to pyruvate binding to oxidized and two-electron-
reduced forms of FDH. In view of the significant E-Flsq

stabilization by pyruvate (Figure 2), one might expect some
amount of FMN semiquinone to be observed during the
reoxidation in the presence of pyruvate. Nevertheless, the
presence of pyruvate did not alter the monophasic character
of reoxidation of E-FMNH- by ferricyanide, monitored at
480 nm, and did not noticeably affect the amplitude of the
absorbance rise. The negligible increase in 520 nm absor-
bance, which appeared during the dead-time of the instru-
ment, is most probably due to complex formation of pyruvate
with E-Flred.

Inhibition of the FDH Domain by Anions.In a previous
study (21), it was suggested that the Fcb2 inhibition by excess
L-lactate was due to lactate binding weakly to the semi-
quinone state, while the effect of high acetate concentrations
was analyzed as an ionic strength effect. The present results
point to a somewhat different conclusion.

The data of Figure 5 indicate that the various salts studied
in this work exhibit a different inhibition efficiency inde-
pendently of ionic strength. This points to a specific binding
of anions at the enzyme active site. Moreover, the kinetic
effects of excessL-lactate and anions closely resemble the
FDH inhibition patterns given by pyruvate (Figure 5). In pre-
steady-state kinetic experiments, anions at high concentra-
tions behaved as competitive inhibitors towardL-lactate and
ferricyanide. Thus, the inhibition exerted by highL-lactate
concentrations and anions is formally analogous to the
inhibition by pyruvate (eqs 5-7), with formation of dead-
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end complexes with E-FMN (anions), and E-FMNH-

(anions, excessL-lactate). The present results may explain a
discrepancy between kinetic data obtained in phosphate
buffer and other ones in Tris/HCl with ionic strength adjusted
with NaCl. Indeed, according to Daff et al. (13), in the Fcb2
turnover with cytochromec under the latter conditions, the
slowest step is electron transfer from Flsq to hemeb2, and
not any more flavin reduction by lactate, as in phosphate
buffer (7). Since, according to the present results, chloride
is a more efficient inhibitor than phosphate (Figure 5), one
may wonder whether the discrepancy does not arise from
the difference in the ionic composition of the buffers.

A Binding Site for Anions. Fcb2 crystal structures indicated
that the pyruvate carboxylate forms a hydrogen bond with
Y143 and R376, as well as an electrostatic interaction with
the latter. In addition, as detailed above, the R289 side chain
is mobile and can interact with ligands in the active site,
especially negatively charged ones (Figure 6). Previous work
on R289K Fcb2 (39) disclosed that the mutant enzyme had
lost the inhibition by excess substrate and that the inhibition
by pyruvate has become purely competitive in the steady
state. The present work indicates that binding of the other
anions to oxidized and reduced enzymes has also been lost.
Altogether, we can thus conclude that indeed anions occupy
part of the lactate-pyruvate binding site and that R289, as
well as R376 and Y143, contributes to the binding. The three
side chains are invariant in the Fcb2 family enzymes, with
the exception of Y143 which is sometimes a phenylalanine
as in long-chain hydroxy acid oxidase (45); thus, one may
expect the family members to possess a similar site. Indeed,
the solution studies of Schuman and Massey (46, 47)
suggested the existence of a specific binding of anions to
pig liver glycolate oxidase. Moreover, the crystal structures
of long-chain hydroxy acid oxidase and of mandelate
dehydrogenase presented acetate (48) and a sulfate ion (49),
respectively, bound at the active site, anions that were present
in the mother liquors at high concentrations. In the structure
of long-chain hydroxy acid oxidase, the acetate carboxylate
interacts with the homologues of R289 and Y254 (48). In
the high-resolution structure of both oxidized and reduced
mandelate dehydrogenase, the sulfate ion forms interactions
with the two active-site arginines, the catalytic histidine and
water molecules (49). Thus, depending on the enzyme and
on the structure of the ligand, there are variable possibilities
for ionic interactions and hydrogen bonding in the active
sites of this enzyme family.
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