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ABSTRACT. Saccharomyces cersiae flavocytochromeb, (L-lactate:cytochrome 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 cytochrontmmains appear to be mobile around

a hinge region (Xia, Z. X., and Mathews, F. S. (1990Mol. Biol. 212 867—863). The enzyme catalyzes
electron transfer from-lactate to cytochrome, or to nonphysiological acceptors such as ferricyanide,

via FMN and hemdy,. 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 coliBalme, A., Brunt, C. E., Pallister, R., Chapman, S. K., and Reid, G. A. (1BREhem.

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 usit®j[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 henfe transfer in the holo-enzyme. Potentiometric studies of

the protein yielded a standard redox potential for FMN at pH E%, of —81 mV, a value practically
identical to the published value 6f90 mV for FMN in holo-flavocytochromé,. 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. (1998Biochemistry 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 excess-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-flavocytochromels, indicates that invariant R289 belongs to this site. According to literature
data, it must also be present in other members of the family2hydroxy acid-oxidizing enzymes.

Flavocytochromeb, (FchZ2) from Sacharomyces cere and transfers the reducing equivalents to cytochror(®.
siae (L-lactate: cytochrome oxido reductase, EC 1.1.2.3) The enzyme is a homotetramer 457 kDa) @), with each
is a component of yeast mitochondrial intermembrane spacesubunit composed of two functionally distinct domains, a
(1), where it catalyzes the oxidation oflactate to pyruvate  C-terminal flavodehydrogenase (FDH) domain containing
FMN and an N-terminal cytochrome domain with protoheme
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Scheme 1 replaced by DEAE Sepharose, and a second chromatography
Lac le- on hydroxyapatite was added. Both preparations were stored
Flox'Hox Flred‘Hox# Flsq'Hred—A Flsq'Hoxzz Flox‘Hred at _70 °C n 01 M phosphate buﬁer, 1 mM EDTA, pH 7,
10 mM pL-lactate was added to the Fcb2 preparations to
T Pyr le- keep the enzyme in the reduced state. The holo-enzyme

concentrations were expressed as heme concentratféns (

=129 mMtcm?, €3 = 183 mMt cmY), and the FDH
gconcentration was determined usiag, = 11 mM~* cm™*

for FMN. L-[°H]Lactate (100% deuterium substitution) was

reduction as the main rate-limiting ste@, (L5), then two
subsequent single-electron transfers from reduced FMN an
Lioazﬁgg:hfgmgum&gx%g%frhf,lxvitg)azgfgé;deuit;.or%r?; synthesized as describ'ed previous). (Commercial N&
enzyme crystal structure shows that the relevant flavin to Pyruvate was recrystaliized from water/ethanol. 5-Carba-5-
heme electron transfers must take place within a subunit,4¢az&-FMN was a kind gift from Dr. S. Ghisla.

with a shortest edge to edge distance between prosthetic KiNetic AnalysisSteady-state kinetics were analyzed at 5
groups of 0.96 nmd). When ferricyanide is used as acceptor, . 29°C, and 30°C with a Uvikon 943 spectrophotometer,

it is considered that it takes electrons from the reduced hemeln 0-1 M phosphate buffer, 1 mM EDTA, pH 7.0€ 0.22
as well as from the flavin semiquinon&6). M), containing specified amounts of added KCI, KBr{ K

Flavocytochroméb, is known to be inhibited by oxalate acetate, Napyruvate, or excess Li-lactate (56-500 mM).

; As enzyme concentrations were low 200 nM), 10uM
(17—20), by the reaction product pyruvaté, ©, 14, 18, 19) . .
and high acetate concentratio2d). As a rule, in the steady FMN wasFadt_jed 0 dassay Euil%ties ,'Srf rde_rlto stab|||zg the
state, the above compounds act as noncompetitive and/of"2YMe- Terrcyan J&esz0 = 1.04 mM™ cm™) was use
mixed inhibitors toward the substratelactate. This was 2> gcceptor at varying concentrations for experiments at 5
ascribed to their binding to several enzyme redox states. It C in 0.2 cm path length cuvettes. At 26 and 30°C, a

- ; ; - ingle ferricyanide concentration of 13 mM was used for
was shown in particular that pyruvate binds at the active sing . .
site with different affinities depending on the flavin redox the FD.H d_omam and of 2 mM (saturqtmg) for '.:Cbz' For
determination ok.,;andKp, values, experimental points were

state; pyruvate binding to the semiquinone state increase%‘itted to a Michaelis-Menten equation with a least-squares

the redox potential and inhibits electron transfer to héme . . ) ) .

(9, 10, 22). Interestingly, Fcb2 is also inhibited by excess iterative nonlinear regression program (Kaleidagraph). Reac-

L-lactate 8, 19, 21). 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 5C. The rate of flavin reduction was
monitored at 452 nm. The concentration of FDH after mixing
was equal to 1QuM. 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 5C was monitored at 480 nm;
for these experiments, the FDH domain (final concentration,
10uM) in the enzyme syringe was reduced with-glyceric
acid, a slow substrate for Fcb28§). In the analysis of
reduction or reoxidation rates, the pseudo-first-order rate
constantskzpp Were plotted againstlactate or ferricyanide
concentrations and the data were fitted to a Michaelis

steady-state reoxidation of the heme-free Fch2 preparation'vIenten equation or to a linear dependence on concentration.
In some reoxidation experiments the FMN absorbance

by ferricyanide proceeded directly to oxidized flavin, sug- changes were monitored at 520 nm. In the 4820 nm

gesting that the oxidation of reduced FMN by ferricyanide . ! .
o 7 range, the absorbance changes due to ferricyanide reduction
was slower than the subsequent oxidation of the semiquinone

1ai 0
(16), whereas in Fcb2 the reduced FMN was oxidized by We;ﬁoqgge“gﬂgoﬂe? ttr;]zn Ii[f)HOthg?nSaeirgoArfrzngir?m)ﬁoto-
hemeb, faster than the FMN semiquinon@, (13, 21). . P .
In order to obtain better insight into the properties of the reduqt_lon (-1}17 uM) was performed under ana_erob|c
e ) X . . conditions in 0.1 M K phosphate buffer, pH 7.0, in the
S. cereisiae FDH domain, we reexamined its mechanism

. L presence or absence of 50 mM pyruvate. 5-Deaza-FMN
using steady- and pre-steady-state kinetics as well as poten(O 125,M) and EDTA (8 mM) were used as photosensi-
tiometric measurements. Our study also disclosed an inhibi-_;_’

tory effect of a number of anions, which may influence tizers. Before protgin i.ntroduction from a concentrated stock
Kinetic results found in the Iiteraturé solution, the sqlutlon in a sealed spectro_photometer cuvette
' was flushed with @free argon for 60 min. Subsequently,
MATERIALS AND METHODS the cell was irr_adiated for short periods at ZDwith a 100 _
W lamp at a distance of 20 cm; the progress of the reaction
Enzymes and chemicals. S. agsgae recombinant WT was followed spectrophotometrically for-2 h. The maximal
Fcb2 and its recombinant FDH domain were prepared asamount of anionic semiquinone (E-FMN formed under
described earlier in refdl and24, 27, respectively, with a irradiation was assumed to be defined by the inflection point
few modifications for the domain. DEAE cellulose was of the Aggp VS Ays, plot. Under these conditions, the redox

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 anomal&nzyme were separated by mild pro-
teolysis @3); more recently, the recombinant tetrameric FDH
domain ofS. cereisiae Fcb2 was expressed separately in
Escherichia col(24). Its crystal structure at 2.50 A 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 cytochrome (16, 23, 24, 26). Moreover, the pre-
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potential of the system at equilibrium at pH 7B is equal
to the standard potential of the E-FMN/E-FMNHouple
(E°7), and [E-FMN] = [E-FMNH~]. The semiquinone
concentration may be calculated from eq 1:

Aggo= E38050[E‘F'V”\r'] + (63800)( + E3aored)([E]tot -
[E-FMN /2 (1)

where [E],: is the total enzyme concentrationss?, essd’™,
and esgd® are the molar extinction coefficients for semi-

quinone, oxidized and reduced enzyme states. The separatiop,
between the two single-electron-transfer potentials was FDHe
further calculated from the semiquinone formation constant holo-enzymé 31

K (egs 2 and 3):

K = [E-FMN]%[E-FMN] x [E-FMNH],  (2)
E,(E-FMN/E-FMN ) — E(E-FMN “/E-FMNH") =
59 mV x logK (3)

Determination of the FDH Domain Standard Redox
Potential The standard redox potential at pH 7E4) was
determined at 25C using the xanthine/xanthine oxidase
reduction system proposed by Mass29)( using resorufin
(E°7 = —0.051 V) as redox indicator. The cell containing
0.5 mM xanthine, 4@M resorufin, and «M benzylviologen

in 0.1 M K* phosphate, pH 7.0, was made anaerobic as

above; 14-16 uM FDH domain was then introduced in a
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Table 1: Influence of Reaction Conditions on Steady-State Kinetic
Parameters for Lactate Oxidation by the FDH Domain

Km kca{Km
enzyme (mM)  (simMTY

100 mM Phosphate Buffer, 1 mM EDTA, pH 7, 3G

FDH?2 this work 259+ 23 0.66+ 0.13 407+ 122 5.4+ 05
holo-enzymé 21 270 0.49 551 4.2

100 mM Phosphate Buffer, 1 mM EDTA, pH 7°&
FDH? thiswork 133+1 1.18+0.01 113+2 6.84+0.2
holo-enzyme thiswork 117+1 0.894+0.11 131+21 4.0

100 mM Phosphate Buffer, 1 mM EDTA, pH 7.5, 26
this work 240+ 13 0.66+ 0.07 363+58 6.0+ 0.1°
31 100 0.36 278 3.7

186 0.16 1162 29

10 mM Tris/HCI Buffer, NaCl td = 0.1 M, pH 7.5, 25°C

Keat
ref (s bv

FDH?& thiswork 2144+ 29 0.86+ 0.03 249+42 7.4+0.8
FDHd 24 137 0.22 623 3.8
holo-enzymé 32 200 0.49 408 49

a13 mM ferricyanide® 1 or 2 mM ferricyanide¢ 3 mM ferricyanide.
410 mM ferricyanide ¢ Determined at 20 mM-lactate .-(2H)lactate,
and 13 mM ferricyanide.

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

enzyme  ked(S)  Kn(MM)  KedKm(sTmM~1) bV
FDH 149+ 5 1.03+0.13 145+ 23 7.8+£0.2
holo-enzymeé 144 0.89 162 7.2

2 The experiments were carried out in 100 mM phosphate buffer, 1
mM EDTA, pH 7 at 5°C in the absence of ferricyanideTaken from

small volume of concentrated stock solution. The reaction ef 21

was started by adding #20 nM xanthine oxidase. The

progress of the reaction was followed in the spectrophotom- experiments. Table 1 shovks,, K., andPV values at 5C
eter. The extent of resorufin reduction was determined by for the FDH domain that are somewhat higher than for the
monitoring the absorbance decrease at 570 nm, that of flavinholo-enzyme.

reduction at 452 nm usingis#* — €457°= 9.9 mMtcm!
(18), corrected for a decrease in resorufin absorbanégst

= 0.059AAs70). The FDH domairE®; was determined from
a plot of log([FDH/[FDHd) vs log([resorufin/
[resorufined). The E7 value was calculated from the Nernst
equation (eq 4):

E; (V) =
E°, + (0.059h) log([resorufinJ/[resorufin.d) (4)

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

RESULTS

Comparison of Kinetic Parameters between ddayto-
chrome b and Its Isolated FDH Domainin contrast to the
numerous kinetic studies of the holo-enzy86)( the studies
of the isolated domain are few24, 27, 31). We found that
theL-lactate:ferricyanide reductase activity of FDH followed

In contrast, two previous studies of the FDH domain had
described distinctly lowek., 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 3C, we found the
ferricyanideK,, @*Pvalue to be 1.0£0.1) mM, whereas itis
lower than 0.1 mM for the holo-enzymé@, 21). For the
heme-free holo-enzymd ) and for a Y143F mutant holo-
enzyme in which the mutation significantly slowed down
electron transfer between flavin and heime(21, 32), the
ferricyanideK,, 2°Pvalues were also higher than for the WT
holo-enzyme. The difference is due to the fact that, in the
latter, hemeb, takes the first electron from FMNHmore
rapidly than does ferricyanide, as rationalized by lwatsubo
et al. (L6, 17).

The pre-steady-state kinetics of the FDH domain reduction

a “ping-pong” scheme, resulting in a series of parallel lines by L-lactate at 5C could be fitted with a single exponential
of [E)/v vs 1/[lactate] in double reciprocal plots at fixed up to 90-95% of the theoretical amplitude. The rates of the
ferricyanide concentrations as well as vs 1/[ ferricyanide] at second slower phase (@0 s %) did not depend ob-lactate
fixed lactate concentrations (data not shown). When we concentration, most probably reflecting a slight inhomoge-
determined the kinetic parameters, including the deuterium neity of the FDH preparations. The results are given in Table
kinetic isotope effect, under our usual working conditions 2, where it can be seen that they are very similar to those

for the holo-enzyme (0.1 M phosphate buffer, pH 7,°80,
we found them to be identical within error to those of the
holo-enzyme in terms ok.,; and Ky, (Table 1). We also
determined the steady-state parameters 42,50 as to be

determined independently for the holo-enzyme. The flavin
reduction ratékeqis also very close to thie, value obtained

at the same temperature (Table 1), confirming that flavin
reduction is even more rate-limiting for the isolated domain

able to compare them to those derived from stopped-flow than for the holo-enzyme.
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o : oo of 13 uM FDH by 5-deaza-FMN (0.12&M) and EDTA (8 mM)
log [ dye,,}dye,..] in the presence of 50 mM pyruvate. Each spectrum was recorded

FIGURE 1: Potentiometric titration of the FDH domain. (A) after a 0.5-1.0 min irradiation. The final spectrum with highest

: ; PR 380 nm absorbance corresponds to a 10 min irradiation. (B)
gg;(gi%agii&h&n?gssodrﬂfrm g;)ncgef t(l)%/ln %tgﬁztl)tlra\l;tilglr;ggﬁlllB 'i:nDtﬂ e Relationship between the flavin absorbance changes at 380 and 452

presence of xanthine and xanthine oxidase, at@5The spectra nm during photoreduction in the absence of pyruvate (1) and in

were recorded every 20 min. (B) Double-logarithmic plot of the the presence of 50 mM pyruvate (2).
titration data in part A, showing a linear relationship between log

[Flol/[Fled and log [resorufig/[resorufined. of —3 + 5 mV, whereas th&°; of FMN is equal to—90
mV, E«(E-FloyE-Flsg) = —45 £ 5 mV, andE7(E-FlsE-Flreq
Daff et al. (/) used the slow substrate glycolate for = —1354 5 mV. This indicates that the FMN semiquinone

studying flavocytochromés, reoxidation by fast kinetics.  in the holo-enzyme is stabilized, with an equilibrium constant
Using a similar approach, we used glyceric acid as a slow for semiquinone formatiorK = 33.5 (eqs 2 and 3). The
reductant for the FDH domair28). Typically, after mixing addition of 10 mM pyruvate resulted in further stabilization
the prereduced FDH domain with ferricyanide, the pseudo- of the semiquinone witK = 925 (10, 14). No potentiometric
first-order reoxidation rate constants) varied between  data were available for the isolated FDH domain.
50 and 300 st, compared to 0.573 for FDH reduction by We thus carried out a potentiometric titration of the FDH
1 mM glyceric acid. Due to the much higher rate of.d-]  domain in the presence of resorufin, as described in Materials
oxidation by ferricyanide than that of its rereduction by and Methods. Figure 1A shows a gradual decrease in FMN
glyceric acid, the amplitude of the absorbance rise at 480 absorbance at 452 nm, without any transient absorbance
nm was more than 90% of that expected for the complete increase at 380 nm. The double logarithmic plot (Figure 1B)
oxidation of FMNH" to FMN. At this wavelength, the gives a slope of 1.2, close to the theoretical value of 1.0 for
reaction followed strictly monoexponential kinetics. A bi- the complete redox equilibrium between the 2-electron-
phasic absorbance rise would have indicated the transientdonating dye and the 2-electron-accepting FMN. Under our
formation of E-FMN™. Similarly, we failed to observe a  experimental conditions, 657/0% flavin reduction and 95%
transient increase in absorbance at 520 nm, which may haveresorufin reduction were achievedda. 3 h. A partial FDH
indicated the formation of anionic semiquinone as the denaturation occurred at longer incubation times. This limited
reaction intermediate (see spectrum in Figure 2A). kKhe our efforts to slow down the reduction rate by decreasing
values exhibited a linear dependence on ferricyanide con-the xanthine oxidase concentration. Using eq 4, one calculates
centration up to the limits imposed by the instrument dead- for the FDH domain, from the data of FigureH’; = —81
time (>300 s?), indicating a bimolecular reaction, as for + 3 mV, in good agreement with the value 600 mV
reduced flavin oxidation in heme-free flavocytochroine determined for FMN in the holo-enzyme at 2C (10).
(16). We calculated the bimolecular flavin oxidation rate Photoreduction of the FDH domain in the absence of
constant K., to be equal to (8.5- 0.5) 10 M1 s, ligands resulted in an insignificant absorbance increase at
Redox Potential of the FMN Prosthetic Groujccording 380 nm (Figure 2B curve 1). For the subsequent calculations,
to the most recent potentiometric data rcereisiae Fch2 esgovalues of 9.26 mM* cm™! (E-Fl,y) and 3.55 mM*cm
(10), at pH 7.0 and 27C, the heme has a standard potential (E-Fleg were determined from the spectra of oxidized and
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lactate-reduced FDH domain, respectively; for the semi-

guinone, we usedsgo = 20.8 or 18.0 mM?! cm™ as the

highest and lowest limit of E-FMN absorbance, in view

of values reported in the literature (for examplg, = 19.4

mM~% cm™? for L-amino acid oxidase3@) andezz4 = 18.0 0.06
mM~* cm! for glycolate oxidase34)). Using the data of

Figure 2B with egqs 13, a K value of 1.25-0.64 was o
calculated. Combined with the results of the potentiometric %,
titration, these figures lead to a difference between the FDH = 0.04
potentials of the first and second electron transfers during ﬁ

FMN reduction of 6 to 11 mV. All these results indicate

that theE(Flox/Flsg) and E«(Fls{Flieq) values are very close

to each other, in the range ef78 to —86 mV. They also 0.02
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- 0.0 : .
formed in the presence of 50 mM pyruvate. In this case, the 05 0.0 0.5 1.0 15
absorbance decrease at 450 nm was accompanied by i [L-lactate]"! (mM)*
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 0.06
semiquinone 33, 34). The highest absorbance at 380 nm
was reached after a 10 min irradiation (Figure 2A); there i
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 ang value of 20.8 mM*cm™, in
good agreement with the literature values reported above. g
These photoreduction experiments indicate that pyruvate s
stabilizes the flavin semiquinone state of FDH as it does in
the holo-enzyme 9). The anionic semiquinone states of 0.02
homologous lactate oxidas&q) and lactate monooxygenase
(36) were also reported to be stabilized by pyruvate.

FDH Domain Inhibition StudiesAs mentioned in the
introduction, Fcbh2 is known to be inhibited by the reaction 0.0 . .
product, pyruvate, and by high substrate concentrations. -0.5 0.0 0.5 1.0 1.5
These inhibitions were ascribed to substrate and product a i i i 2
binding not only to the oxidized enzyme but also to the [Ferricyanide]” (mM)
enzyme when the flavin is in the semiquinone statg 21). F{G;JRE_?(Z) InTgitrir?l\r;l ()f];trrr]i?: Fal?]ré goamngiggza%fgg\é?;ﬁein th(r?us\'/taetaedy

inhibiti i ign State. : ;
More recently, an inhibition at high acetate concentration concentre?tions: 0 mM (13/’ 10 mM (2). 20 MM (3) 3%ymM @,
was ascribed to an ionic strength effe2fl), As the effect_ and 50 mM (5), in 0.1 M phosphate buffer, pH 7.0 at'G.
was more marked with a Y143F mutant enzyme, for which Bottom: 10 mML-lactate and variable ferricyanide concentrations;
electron transfer to the heme is considerably slowed down pyruvate concentrations: 0 mM (1), 10 mM (2), 20 mM (3), 30
(21, 32), it could not be decided if the stronger inhibition MM (4), and 50 mM (5), in 0.1 M phosphate buffer, pH 7.0 at 5
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. standto (2.2+ 0.2) x 10* M~* st in the presence of 50

In the steady state, in the presence of pyruvate, the mM and 100 mM pyruvate, respectively (Table 4). Pyruvate
reduction of ferricyanide by the FDH domain also followed did not alter the monoexponential character of FMN reoxi-
a ping-pong pattern (data not shown). At variethctate dation, monitored at 480 nm, and did not change noticeably
concentrations and a fixed ferricyanide concentration, pyru- the amplitude of the absorbance rise, as compared with the
vate behaved as a mixed-type inhibitor towardactate reoxidation data in the absence of pyruvate. However, in the
(Figure 3). Secondary plots yieldéd = 6 mM andK;' = presence of 56100 mM pyruvate, we detected an absor-
40 mM. A similar mixed inhibition pattern was also observed bance rise at 520 nm, which appeared during the instrument
toward ferricyanide at a fixed-lactate concentration with  dead time and amounted te-Z% of the absorbance increase
Ki = 11 mM andK;' = 27 mM (Figure 3). at 480 nm. The rate of its subsequent decay was similar to

Next, the effects of pyruvate were examined in pre-steady- that determined at 480 nm.
state kinetic studies of the FDH domain reduction and High concentrations of chloride, bromide, acetate, and
reoxidation. Pyruvate acted as a competitive inhibitor of phosphate, as well as marked excesactate, inhibited the
L-lactate for FDH reduction (Figure 4), with = 9.7+ 1.2 FDH domain turnover. The inhibition mode of the salts was
mM. In stopped-flow reoxidation experiments with ferricya- similar to that of pyruvate insofar as boki,: and kea/Km
nide, the flavink.x was decreased to (40 0.5) x 10* M1 values for lactate were affected. Table 3 gives values of these
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Ficure 4: Kinetics of the pre-steady-state reduction of the FDH

Cénas et al.

Concentration (mM)

Ficure 5: Effect of anions ork../Ky, for ferricyanide with the
increase in salt concentration. The reaction was carried out in 0.1
M KT phosphate buffer, pH 7.0, 10 mMlactate. Additions:

domain byL-lactate in the absence (1) and in the presence of 25 Phosphate (1), acetate (2), chloride (3)actate (4), bromide (5),

mM (2) and 50 mM (3) pyruvate.

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

additions keat(51)  Km(MM) kel Km (ST mMTY)
noné 133+1 1.2+0.1 113+ 2
300 mM phosphate 101+1 2.8+0.1 36+ 1
400 mM K' acetate 861 4.6+0.1 19+ 1
400 mM K* chloride 60+1 23+0.1 26+ 1
400 mM K bromide 45+1 4.0+0.1 11+1

@ 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 ferricyanidé.Taken from Table 1¢ Final phosphate
concentration.

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

addition krea (M~1s71)
none (8.5+ 0.5) x 10*
50 mM Na" pyruvate (4.0 0.5) x 10¢
100 mM Na pyruvate (2.2:0.2) x 10
400 mM K' acetate (5.2: 0.4) x 10*
400 mM K* chloride (3.6+0.3) x 10¢

a2 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 mML-glyceric acid, as described in Materials
and Methods.

pyruvate (6).

Effects of Anions on the Kinetics of Holo-ktacytochrome
b, and Its R289K Mutant FormSince 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) @). In addition, in the structure of the recombinant
WT enzyme-sulfite complex 87) as well as in that of the
Y143F mutant enzyme complex with pyruvat88), 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.

parameters obtained at a fixed high salt concentration and & The results are presented in Table 5. It is clear that for
single ferricyanide concentration. The salts as well as high the WT holo-enzyme, high concentrations of acetate, phos-

L-lactate concentrations decreased thg/Kn, value for
ferricyanide as variable substrate. The dependendeg.6f
Km On salt orL-lactate concentration gave almost linear
Cleland plots (Figure 5), indicating that efficiency of
inhibition decreased in the order pyruvateBr~ > L-lactate

> CI~ > phosphate~ acetate.

On the other hand, in pre-steady-state experiments,

phate, chloride, and bromide inhibit ferricyanide reduction
by influencing bothk.y; and kea/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 30C (39)). It thus appears that the mutant

chloride and acetate behaved as competitive inhibitors of enzyme capacity to bind anions has been severely impaired

L-lactate (data not shown), wit; values of 450+ 60 mM
and 170+ 80 mM, respectively. High-lactate concentra-
tions (106-300 mM) did not decrease the flavin reduction
rate, as already observed for the holo-enzy@®.(In pre-

if not lost.

DISCUSSION

steady-state reoxidation experiments of the domain, acetate The data of the present work enabled us to clarify some
and chloride decreased the ferricyanide reduction rate, asimportant features of the reactions catalyzed by the Fcb2

shown in Table 4.

FDH domain.
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Y254 Y254

Y143 Y143

Ficure 6: Flavocytochromeb, active-site residues. Left: Pyruvate bound in the holo-enzyme subunit B (1KBI). The flavin is in the
semiquinone form4); 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-Frdgl). (

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

WT flavocytochromeb, R289K mutant flavocytochromie
addition Keat(s™Y) Km (MM) KealKm (ST mMM™Y) keat(S™) Km (MM) kealKm (S mM™1)
noné 117+ 0.4 0.89+ 0.11 131+ 21 8.6+ 0.5 7.0+ 0.5 1.23+0.16
200 mM phosphate 71+2 0.90+ 0.12 79+ 13 9.2+ 0.4 8.7+ 1.2 1.06+ 0.19
400 mM K' acetate 1133 2.7+0.2 42+ 4 8.8+ 0.5 9.2+ 1.3 0.96+ 0.19
400 mM K* chloride 75+ 4 1.54+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

a2 The experiments were carried out in 0.1 M phosphate buffer, 1. mM EDTA, pH 7@t &t varyingL-lactate concentrations in the presence
of 1.5 and 2 mM ferricyanide for the WT and the mutant enzymes, respecti/Ehis work (taken from Table 1 for the WT enzymé¥inal
phosphate concentration.

Kinetic and Potentiometric Characterization of the FDH is practically the same as that in the holo-enzyr),(
Domain In steady-state experiments, tkg; values with whereas its semiquinone state is markedly destabilized. This
respect to lactate are, under a variety of buffer and temper-difference is unexpected in view of the mobility of the heme
ature conditions, practically identical with those we deter- domain relative to the tetrameric FDH domain co4g40).
mined for the holo-enzyme (Table 1). In contrast, other Accumulated observations suggesting the independence of
investigators found distinctly lowde values for the domain  the domains is summarized in re&d0. At the present
than for the holo-enzyme, values which are also lower than yoggjytion of 2.3 to 2.5 A, the crystal structures of the
the ones we obtained when we used their conditi@s (
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 0¥10—20 uM, so
that we routinely added 10M FMN to these dilutions as
well as to the assay cuvettes, where the enzyme 1420

independent domain and of the holo-enzyme domain do not
differ significantly @, 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

nM. TheK2PPvalue for ferricyanide is high relative to that the Fl?‘q form. The amplitude and frequency of the heme
of the holo-enzyme, as was found with the heme-free domain movements are unknown at present. Altogether, the

flavocytochromeb, (16) and the recombinant domain under origin of the_ difference in semiquinor_1e stability between the
different buffer conditionsZ4). FDH domain and the holo-enzyme is unclear. There exists
There isa priori no compelling reason for having similar ~ at least one precedent of an inverse situation. Gao etHl. (

steady-state ratesk{) of lactate oxidation for the two  found that, in spite of a similar redox potential for the isolated
flavodehydrogenase forms, since, as mentioned before, theINOS flavin domain and the holo-enzyme, the separation
acceptors for the two monoelectronic oxidative half-reactions between the FMN half-reduction potentials is larger in the
are different, and therefore the actual transfer rates may beformer than in the latter.

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-

During the reoxidation of the reduced FDH domain by
ferricyanide, there is no observable transient formation of

enzyme turnover, at least under our experimental conditions':'\{l(;\I iemu?};:none],c Wh'f(;’h agaltn ahgrees Vi”éh :[Phe dart]a on the
(8, 15) (see below for further discussion). The fact that we oxidation of heme-free flavocytochrorbe (16). This shows

measured a pre-steady-state rate for the FDH domain whichthat the oxidation of E-k4 by ferricyanide is faster than the
is close to that determined in the steady state suggests thapXidation of E-Fleq, the latter being the rate-limiting step in-
flavin reduction may be even be more rate-limiting for the the reoxidation. The rate constant of reduced flavin domain
domain than for the holo-enzyme. The values of the presentOXidation by ferricyanide, (0.85 0.05)x 1°M™*s™*at 5
kinetic isotope effects as well as the high rate constant for °C, is not too different from théca/Kr, value of (1.14 0.2)
ferricyanide reduction by FMNH support this idea. x 10° M7t st we determined at variable ferricyanide
The data on the FDH domain photoreduction and redox concentrations in steady-state experiments, at the same
potentiometry (Figures 1 and 2) indicate that the flakfa temperature.
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In holo-flavocytochromeb,, the faster FMNH to heme k; kS k,
than FMN™ to heme electron transfer may be explained by ~E-FMNP <—= E-FMN <—=E-FMN:-S —— E-FMNH--P
the fact that the potential of the E-FMN/E-FMNcouple is kP] k,
90 mV higher than that of E-FMN/E-FMNH™ (10). The ] k[Q] kPL| | & )
significant semiquinone destabilization in the FDH domain o 5 ! - )
(Figures 1 and 2), with a difference of only 6 to 11 mV E-FMN-P Pl E-FMN k,1Ql E-FMNH
5

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

The resulting steady-state rate expression (eq 6) shows that
pyruvate must decrea$e,/Kn, of L-lactate kiko/k-1 + kp)

small charged inorganic molecule, in the other case a protein-j; eq 5), and the rate constants of E-FMNENd E-FMN--
bound heme, other factors, electrostatic or steric ones, maygyiqation by ferricyanideks andks:

come into play.

Inhibition of the FDH Domain by Pymate. Fcb2 inhibi- 1 k., + k2{ k_,[P]
tion by the product has been the object of numerous studies—u “k 1+ IS \1 + K +
in the past, with some conflicting results. A steady-state study 2 1[S] 7
with ferricyanide as acceptor indicated a complex situation: 1 (1 N k_s[P] L1, 1 (1 N k_3[P] 5
competitive inhibition at low concentration&;(= 3 mM) kﬁ[Q]\ ks k_3 k4[Q]\ Ky 6)

and noncompetitive inhibition at higher concentratioks (
= 30 mM) (18). With theH. anomalaFcb2, the inhibition

was noncompetitive at the lowest concentrations, uncom-

petitive at the highest one&4); this was ascribed to tighter
pyruvate binding to the E|state than to B} and Fleq States.

As observed above, the steady-statgKn, for ferricyanide
is close tdk,, the rate constant of E-FMNHoxidation, which
implies thatks > k4. Equation 6 may then be simplified (eq
7):

With Fcb2 from both yeast strains, it was shown that

pyruvate binding stabilizes the flstate, and alters the [E] 1 k_,+ k2{ k_-[P] 1
potential of the Rl/Fleq and Fhy/Fls; couples 9, 14, 42). g E = Er e | R
L . . 2 1[ ] \ 7 3
The inhibition of heme reduction by pyruvate was ascribed
to the significant increase of the JfFlsq redox potential, 1 ( 1+ K_o[P] @)
leading to a decreased driving force for transfer betwegn Fl k4[Q]\ Ky

and hemeb, (10, 14). It was proposed that the pyruvate

Flss complex was a dead-end complex incapable of transfer-which shows that the presence of pyruvate should also
ring electrons to monoelectronic acceptors such as Heme decrease thk../K, of ferricyanide (Figure 3). The pyruvate
and ferricyanide. Indeed, witB. cereisiae Fcb2, Daff et Ki values determined from the slopes of double-reciprocal
al. (7) found that pyruvate inhibited pre-steady-state flavin plots, 6 mM (vsL-lactate) and 11 mM (vs ferricyanide),
reoxidation with aK; value of 40 mM. In contrast, Walker  correspond to pyruvate binding to oxidized and two-electron-
and Tollin interpreted flash photolysis results as indicating reduced forms of FDH. In view of the significant Esf|
that pyruvate was favoring electron transfer from reduced stabilization by pyruvate (Figure 2), one might expect some

heme to R (43, 44), but inhibited electron transfer from
Flegto heme 42).

Our findings enable us to clarify certain important aspects
of the inhibition of Fcb2 by pyruvate, by simplifying the

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

system. Indeed, the most commonly used assay in the steady480 nm, and did not noticeably affect the amplitude of the
state studies of Fcbh2 is an enzyme-catalyzed reduction ofabsorbance rise. The negligible increase in 520 nm absor-

ferricyanide byL-lactate. However, th&:; 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 ferricyanid€, (<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 hylactate
(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.

bance, which appeared during the dead-time of the instru-
ment, is most probably due to complex formation of pyruvate
with E-Fleg.

Inhibition of the FDH Domain by Aniondn a previous
study @1), 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 excess-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 towarthctate and
ferricyanide. Thus, the inhibition exerted by higHactate
concentrations and anions is formally analogous to the
inhibition by pyruvate (eqs-57), with formation of dead-
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end complexes with E-FMN (anions), and E-FMNH 5.

(anions, excesslactate). The present results may explain a
discrepancy between kinetic data obtained in phosphate
buffer and other ones in Tris/HCI with ionic strength adjusted

with NaCl. Indeed, according to Daff et al.3), in the Fcb2 6.

turnover with cytochrome under the latter conditions, the
slowest step is electron transfer from Flsq to hemeand

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 8.

may wonder whether the discrepancy does not arise from
the difference in the ionic composition of the buffers.

A Binding Site for Aniond=cb2 crystal structures indicated 9
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 11.

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 13.

as in long-chain hydroxy acid oxidasé5j; thus, one may
expect the family members to possess a similar site. Indeed,
the solution studies of Schuman and Massd$, (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 acetd® &nd a sulfate ion49),
respectively, bound at the active site, anions that were present

in the mother liquors at high concentrations. In the structure 16.

of long-chain hydroxy acid oxidase, the acetate carboxylate
interacts with the homologues of R289 and Y238)( In

the high-resolution structure of both oxidized and reduced 17.

mandelate dehydrogenase, the sulfate ion forms interactions
with the two active-site arginines, the catalytic histidine and
water molecules49). 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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