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ABSTRACT. The FMN prosthetic group of flavocytochrorbe or L-lactate dehydrogenase oxidizes lactate

to pyruvate. The reducing equivalents are then transferred one by one, intramolecularly, to, lzee

then to external acceptors. Substrate oxidation is thought to begin with abstraction of the substrate
ao-hydrogen as a proton by an enzyme base. It has been proposed that this role is played by His373,
which lies close to the flavin in the crystal structure and interacts with Asp282. It has also been shown
before, using hydrogen exchange measurements, thakthef iHis373 is substantially increased in the
wild-type reduced enzyme compared to that in the oxidized state. We report here the enzymatic properties
of the D282N mutant flavocytochronte. Steady-state rate measurements withHHBactate and [2H]-

lactate indicate that, as predicted, the Michaelis complex stability is hardly affected, whereas the transition
state for proton abstraction increases in energy by 2.8 kcal/mol. Steady-state inhibition studies were
conducted with a number of active-site ligands: sulfiidactate, pyruvate, and oxalate. Binding was
found to be most affected for oxalate, but kinetic patterns indicated oxalate and pyruvate were still capable
of binding to the enzyme both at the oxidized and semiquinone stages, whereas inhibition by excess
substrate, due to lactate binding at the semiquinone stage, was lost. Finally, analysis of the intermolecular
hydrogen transfer catalyzed by the enzyme betweei[ctate and fluoropyruvate indicated that the
substitution with asparagine facilitates exchange of the histidine-bound proton and hence induces a decrease
in the K, value of H373 in the reduced enzyme of about 1.4 pH units. Nevertheless, the rate constant
value for exchange with the solvent of the enzyme-bound subsirpteton indicates that H373 is still
protonated in the reduced mutant enzyme at neutral pH. Thus, the D282N mutation destabilizes the
transition state for proton abstraction and decreasedthef 1373 in the reduced enzyme but is insufficient

to bring it back to a normal value.

Flavocytochrome, oxidizesL-lactate to pyruvate. The
reaction is catalyzed by its FMN prosthetic group, which
then reduces hem® in the same subunit in two successive
one-electron transfer steps. Cytochrotrie the physiologi-

R376

cal external oxidant and can be replaced by artificial electron HaN~ ®
acceptors (Lederer, 1991). The enzyme belongs to a family ®N .
of FMN-dependent-hydroxy-acid-oxidizing enzymes, which [ (
can be separated into two categories according to the nature Y#3 ©)

of the flavin oxidative half-reaction. The dehydrogenases \x ,,0" \ H o
oH

oxidases make use of oxygen, with formation ofC
whereas the dehydrogenasetectron transferases need
monoelectronic acceptors. Ficure 1: Proposed Michaelis complex and first catalytic step for
Numerous mechanistic studies, carried out mainly with the flavocytochromeb,-catalyzed lactate oxidation. The lactate
lactate monooxygenase fromilycobacterium smegmatis Pinding mode is deduced from that of the pyruvate molecule
f | led lactat id EC 1.13.12.4) (Ghisla & observed in the three-dimensional structure (Lederer & Mathews,
(formerly called lactate oxidase, .13.12.4) (Ghisla 1987; Xia & Mathews, 1990).
Massey, 1991) and flavocytochronte (Lederer, 1991), i ]
support the idea that the substrate dehydrogenation reactiorCtive-site crystal structures of flavocytochrorbg and
proceeds by initial formation of a carbanion which then yields 9glycolate oxidase, suggested a similar mgch_amsn_w for all
the electrons to the flavin (Ghisla, 1982). Amino acid family members (Xia & Mathews, 1990; Lindqvist &
sequence comparisons, as well as comparison between th8randan, 1989; Lindgvist et al., 1991). The three-dimen-
sional structure of flavocytochronte showed the presence
T This work was supported by the European Union (Human Capital O)f(_pyéu'://latteh, the &esgélqrghproduct, thchjnd at th_tE)I aCtI\t/)e tSItte
and Mobility Program, network FLAPS, contract No. CHRX-0166) and (_ 1a athews, ); this suggested a possible substrate
by the CNRS/British Council collaborative research program (Alliance). binding mode and enabled Lederer and Mathews (1987) to

| d* Tel:@+_3_123 f1 69 82 34 64. FAX:+33 169 82 31 29. Email: propose a role for active-site side chains in catalysis on the
ederer@citi2.fr.
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A ) o . o basis of the carbanion mechanism. The first proposed
Present address: Laboratoire d’Enzymologie et Biochimie Struc- . . . . -
turales, CNRS, 91198 Gif-sur-Yvette Cedex, France. reaction step is presented in Figure 1. The catalytic base
® Abstract published irAdvance ACS Abstractsune 15, 1996. would be H373, which in the resting oxidized enzyme forms
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Table 1: Steady-State Kinetic Parameters and Deuterium Isotope Effect with Ferricyanide as Acceptor for D282N Mutant Flavocytochrome
b2

Km (MM) Keat (S7Y) KealKm (10° M1 572
enzyme L-['H]lactate L-[?H]lactate ferricyanide L-[*H]lactate L-[?H]lactate L-[*H]lactate L-[?H]lactate bv PV/K
wild-type® 0.494+0.10 0.504 0.20 <0.I° 270+ 30 65+ 22 551+ 174 130+ 96 41+18 4.2+44

D282N 0.73+0.05 0.72+0.06 <0.01 3.9+ 0.1 0.66+ 0.03 5.3+ 0.5 0.92+0.12 59+04 58+1.3

akearis expressed as mol of substrate oxidize# (snol of subunity®. The data for the D282N enzyme are the average of three independent
experiments forH]lactate, two for fH]lactate, and two for ferricyanide. For experiments at varying lactate concentrations, 1 mM ferricyanide
was used; for experiments at variable ferricyanide concentrations, 20 mM lactate was used. Error values dg.¢EtioS\(, andPV/K) were
calculated from the sum of relative errors on values in the numerator and denomiriadiois et al. (1990)¢ Rouviae-Fourmy (1992).

a hydrogen bond with D282. As the histidine becomes Na'/K* phosphate buffer, 1 mM EDTA, pH 7. Standard
protonated, a favorable electrostatic interaction should activity assays were usually carried out in the presence of
develop between the two side chains. It has been shown20 mM L-lactate and 2 mM ferricyanidecfs® = 1.04
before that this ion pair is stably established in reduced mM~! cm1). When cytochrome& was used as acceptor,
flavocytochromeb,, due to an elevation of the histidin&p the reaction was monitored at 550 npées%-oxz 20.5 mM?

upon flavin reduction (Urban & Lederer, 1985; Lederer, cm2). K, andk.Vvalues were extracted from experimental
1992). In the oxidized enzyme at neutral pH the histidine data using a least squares non-linear regression program for
is normally unprotonated. Stopped-flow studies of flavin fitting to the Michaelis-Menten equation. Inhibition con-
reduction indicated catalysis to depend on a group with p  stants were calculated using a linear regression analysis for
of 6.0 in the free enzyme and 5.3 in the ES complex (Suzuki fitting to the Dixon equation (Dixon, 1953). When Dixon

& Ogura, 1970). TheseKy values can perhaps be ascribed piots indicated simple competitive inhibition, a confirmation

to His373. was obtained using the graphical analysis proposed by
Mechanistic proposals have been, in recent years, analyzedcornish-Bowden (1974).

by site-directed mutagenesis. The active-site—H Q
mutations for lactate monooxygenase vkt al., 1994) and
flavocytochromeb, (Gaume et al., 1995) showed that the
histidine indeed plays a critical part in catalysis. We present
here the properties of the D282N mutant flavocytochrome
b,. We have analyzed the effects of the mutation on the
catalysis of substrate dehydrogenation, on the binding of a
number of inhibitory ligands, as well as on the ionization
state of H373 in the reduced enzyme. This is the first report
about the effects of a mutation at this position in the family
of o-hydroxy-acid-oxidizing enzymes [for a review, see ) ,
Lederer et al. (1996)]. The D282N mutant enzyme has been ntérmolecular Transhydrogenation Experimentghey
found before to be synthesized Escherichia colias a were carried out as described before (_Urban_ & Lederer, _1985;
mixture of flavin-free and holo-enzyme, owing probably to Balme & Lederer, 1994). The reaction mixture contained
an alteration of the folding process in the bacterium (Gondry 34-54M enzyme, 20 mbL-[2-*H]lactate (0.25Ci/umol),

et al, 1995); but the two forms can be separated by and varying .fluoropyruvaFe_(_:oncentratlons. After 45 min at
chromatography, so the present work could be carried out 30 °C, the mixture was acidified and products were separated

Kinetics of the Reerse Reaction with Fluoropyrate
The rate of fluoropyruvate reduction was monitored as
described before (Urban et al., 1983). Briefly;2-hydroxy-
3-butynoate was used as reducing substrate; 2-keto-3-
butynoate was trapped by an excess of glutathione, yielding
an adduct withez;s = 10.6 mMt cm (Pompon & Lederer,
1982). Reactions were carried out under argon, &C30n
0.1 M Na'/K* phosphate buffer in the presence of 700
pL-2-hydroxy-3-butynoate, 5.5 mM reduced glutathione, 10
uM enzyme, and varying fluoropyruvate concentrations.

with an essentially homogeneous enzyme. on an AG1-X8 column (18< 1 cm, OH form). It was
first washed with 60 mL of KD, in order to collect all the
MATERIALS AND METHODS tritium appearing in the solvent; a linear gradient was then

. _ applied between 250 mL of 4@ and 250 mL of 2 M formic
Enzyme The D282N protein was expressed Bn coli acid. The effluent fractions were analyzed for hydroxy acids,

MM2.94 .ceIIs grown i.n LB medium (Black etal, %989)' The keto acids, and radioactivity (LKB Wallac 1410 scintillator)
purification was carried out as described before; the holoen- as described (Urban et al., 1983).

zyme was separated from flavin-free enzyme by chroma-

tography on a Blue-Trisacryl column; alternatively, the late ResyLTS AND DISCUSSION

fractions from the hydroxyapatite column, which contained

a stoichiometric amount of FMN, were pooled (Gondry et Steady-State Kinetic Parameters and Isotope Effect for the

al., 1995). After ammonium sulfate precipitation and dis- D282N Mutant Flaocytochrome b Table 1 presents a

solution of the enzyme pellet, the flavin/neme ratio was 0.8 comparison of wild-type and mutant enzymes parameters

to 0.9, due to some prosthetic group dissociation at high salt.usingL-lactate as substrate and ferricyanide as acceptor. The

The enzyme concentration was determined using the hemesubstraté,, value is slightly increased, wherdag decreases

extinction coefficients ¢}, = 129.5 mM* cm'%; el = by a factor of 70. The deuterium isotope effect is at least

183 mMtcm™). The FMN/heme ratio was determined by as high as that of the wild-type enzyme, if no higher. Itis

measuring flavin fluorescence after release from the protein known from previous work thad-proton abstraction is the

in 6 M guanidinium chloride (Gondry et al., 1995). Activi- rate-limiting step for wild-type enzyme flavin reductioRk

ties were expressed relative to flavin. values for flavin reduction as determined in stopped-flow
Steady-State KineticsEnzyme assays were carried out experiments lie between 7 and 8; nevertheless, in the steady-

with a Uvikon 930 spectrophotometer, at 30 in 0.1 M state PV values for ferricyanide reduction are-8 (Pompon
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Table 2: Steady-State Kinetic Parameters with Cytochroras
Acceptor for D282N Mutant Flavocytochrontg?

cytochromec lactate
enzyme  Kn (M)  kea(sY) Km (MM) Kear(s7™)
wild-type®> 87415 155+ 15 0.29+0.05 155+ 15
D282N 3.9+ 0.1 4.9+ 0.1 0.44+ 0.04 4.1+ 0.2

aThe experiments at varying cytochrongeconcentrations were
carried out in the presence of 20 mMactate. The kinetics at varying
lactate concentrations were performed in the presence of 460
cytochromec for wild-type enzyme and 4aM cytochromec for the
D282N enzyme (respectively 84% and 92% of saturatiokyy is
expressed as mol of substrate oxidized @nol of subunitj!. The
data for the D282N protein are the average of two independent
experiments® Rouvige-Fourmy (1992).

et al.,, 1980; Miles et al., 1992; RouveeFourmy et al.,
1994), showing that steps of the catalytic cycle after flavin
reduction introduce a partial rate limitation. Table 1 thus
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Binding of Inhibitors In order to probe further the
consequences of the mutation, we analyzed its effects on
the binding of several inhibitory ligands. Assuming no
important enzyme structure change (see conclusion), any
modification would be expected to arise from the destabiliza-
tion of the protonated state of H373. This could lead to
altered affinity with or without a change in ligand binding
mode. The lack of effect of the mutation on kinetic constants
could actually also arise from a change in binding mode with
the establishment of compensatory interactions; this case is,
however, kinetically indistinguishable from the absence of
interactions with the mutated residue. Recent crystal-
lographic studies of the Y143F mutant flavocytochrobae
suggested the possibility of binding mode alterations, but
kinetic constants were not reported (Tegoni et al., 1995).

Sulfite behaves as a competitive inhibitor of lactate by
forming a rapidly reversible covalent bond with the flavin
at position N5 (Lederer, 1978). The crystal structure of the

suggests that the mutation essentially affects the rate-limitingwild-type enzyme-sulfite complex has been described
step. Furthermore, from a consideration of the isotope effect (Tegoni & Mathews, 1988; Tegoni & Cambillau, 1994). It

values and of the equatioRY — 1J/[P(V/K) — 1] = Kn/Ks
(Northrop, 1975; Klinman & Mathews, 1985), it can be
observed thaK, values for both wild-type and D282N
enzymes are identical #§; values. Therefore, the mutation
has a negligible effect on Michaelis complex formation but

showed a close distance between one of the sulfite oxygens
and the N position of H373, suggesting that the latter
becomes protonated upon sulfite addition. It would appear
from Table 3 that the loss of the electrostatic interaction
between the H373 imidazolium ion and the D282 carboxylate

destabilizes the transition state for proton abstraction by 2.8 entailed by the D to N mutation affects only slightly the

kcal/mol.

The apparenK, for ferricyanide, which has a low value
and is therefore difficult to measure accurately [for a review,

stability of the flavin—sulfite complex. The negative charges
of the bound sulfite may provide some stabilization to the
histidine acidic form. The D to N mutation had an even

see Lederer (1991)], did not appear to undergo a significantsmaller effect, if any, on the stability of thelactate-enzyme

change (or at least a significant increase) (Table 1). In
contrast, when cytochronewas used as acceptor, a more
than 20-fold decrease in it§;, value was noted (Table 2).
This is the expected result of the reduction in the rate of a
slow step preceding cytochroméinding and reduction and

complex (Table 3), whereas the H373Q mutant enzyme
shows a 12-fold increase in thelactateK; value (Gaume

et al.,, 1995). These results obtained with two different

mutant forms may perhaps be interpreted as indicating the
formation of a hydrogen bond between the inhibitor hydroxyl

cannot be taken as necessarily indicating a better cytochromeand the unprotonatede\position of H373 in the oxidized

c affinity. Within error, thek.,;values obtained in the various
experiments with cytochrome& and ferricyanide were
identical. Thus, results show that, for the D282N mutant
enzyme, thex-proton abstraction step is entirely rate-limiting

in the steady-state, whereas for the wild-type enzyme, thefunctioning of flavocytochromeb, (Scheme 1).

steps that follow flavin reduction introduce a partial rate
limitation; in particular, for cytochrome reduction, Keat
values are lower than those for ferricyanide reduction
(Lederer, 1991; Miles et al., 1992; RoukgeFourmy, 1992).
It follows that the flavin reduction rate for the D282N mutant

enzyme.
The discussion of the inhibition exerted by lactate,
pyruvate, and oxalate requires that one considers the
complexity of the kinetic scheme describing the steady-state
When
cytochromec is the acceptor, it first binds to the enzyme
and accepts an electron from hebén intermediate8 and
5. Ferricyanide, in contrast, is believed to react in a second-
order fashion (lwatsubo et al., 1977). Various pieces of
evidence [reviewed in Lederer (1991)] suggest that this

protein should be identical to the steady-state rate of acceptoracceptor can be reduced both by hemeas is cytochrome

reduction. Stopped-flow methods cannot be used to verify

¢, and by Fli! In that case, speci&sgoes over directly to

this point nor to assess possible effects of the mutation onspeciess, and specied to 1.

the flavin to heme electron transfer rate. This is because, at |-Lactate has been shown to inhibit the WT enzyme at
low reduction rates, the slow electron transfer between high concentration, With?”° = 150 mM (27°C) (Somlo &

protomers, which takes place in the absence of acceptorsjonimski, 1966). Inhibition by excess substrate is generally
(stopped-flow conditions), reoxidizes the flavin in competi- considered to arise from substrate binding to an enzyme form
tion with its reduction by lactate. Thus, at low deuterolactate gitferent from the one with which it reacts. Indeed, a
concentrations, the flavin reduction rate was found to be combination of steady-state and stopped-flow studies recently
lower than the rate of overall heme reduction by lactate, evenindicated that inhibition by lactate arises from its binding to
though FMN is reduced before heme (Pompon et al., 1980; species3 (and possiblyd), preventing electron transfer to
Pompon, 1980). A similar phenomenon was observed evenheme b, and ferricyanide (Mayer et al., 1996). For the
at saturating lactate concentrations for the Y254F mutant p282N mutant enzyme, the inhibition by excess substrate
flavocytochromeb, (A. Balme, S. K. Chapman, and F.

!_ed.ergr, unpublished experiments), g value for Whlc.h 1 Abbreviations: R, oxidized flavin; Fl, flavin semiquinone; Rl

|5| 5';_“9”93(;)'50 that of the D282N mutant enzyme (Dubois et reqyced flavin; ky and Heq oxidized and reduced heme; WT, wild-
al., . type.
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Table 3: Inhibition of Wild-Type and D282N Flavocytochromgsby Various Ligands

wild-type enzyme D282N enzyrfe

inhibitor inhibition type Ki (mM) inhibition type Ki (mM)
sulfite competitiveé (1.4+0.5)x 10732 competitive (3.5:0.4)x 103
p-lactate competitive 14405 competitive 2.4:0.1
L-lactate excess substrate 150 none
pyruvate competitivd@ 3.0r0 competitive 5.8-0.1

noncompetitivé 3¢ noncompetitive 2524 0.3
oxalate mixed 0.30.7 competitive 3.6:0.1

noncompetitive 27.& 0.7

aLederer (1978)° Somlo and Slonimski (19663.Tested up to 500 mM lactaté Secondary plots of slope values taken from Figure 4 of Lederer
(1978) yielded a value of 0.3 mM for the oxalde Difference spectral titrations reported in the same paper §ave0.5 mM for theE,coxalate
complex.® The results for the D282N enzyme are the average of two experiments with sfitetate, and -lactate and three experiments with
oxalate and pyruvate. Ferricyanide (2 mM) was used as electron acceptor, at varying inhibitor concentrations in the presence of several fixed
lactate concentrations (see, for example, Figure 2).

Scheme 1 of oxidized enzyme and higher affinity inhibitory binding
e e at the semiquinone stage. Indeed, Walker and Tollin (1991)
A showed the midpoint potential of theyfFlsq couple to be

H FI Hox shifted upward upon pyruvate binding, as it is for tHe
anomalaenzyme. The authors interpreted the results of their
Pyr flash photolysis study as indicating that pyruvate binding at
1 2 3 4 5 1 the semiquinone stage favored flavin to heme electron
) ) transfer. This conclusion is in contradiction with the results
is not observed any more (Table 3), at least in the concentra-yptained with theH. anomalaenzyme: it also does not fit
tion range studied. The wild-type enzyme crystal Structure it our steady-state results [Lederer (1978) and this work],
indicates H373 to be protonated when the FMN s in the \ nich only indicate inhibition: it also stands in contrast with
one-electron reduced state (Xia & Mathews, 1990; see a.lsothe interpretation of subsequent results by the same group
below). It can then be suggested that the weak-affinity (Hazzard et al., 1994), namely, that pyruvate binding to
inhib.itory mode of Iacta_tg at thg flavi_n semiquinone stage species2 (Sche’me 1), ’Where tr{e flavin is fully reduced,
requires a strzongly stabllllzed' F:;sA_s_p lon pair. h . would on the contrary inhibit flavin to heme electron transfer.
Pyruvate shows ahcofrlnp exin |E|t|0n ;;attern wit thelwnd- In the following discussion, we shall adhere to the idea that
type enzyme. For the flavocytochrorhgifom H. anomala ligand binding at the active site when the FMN is in the

pyruvate was found to be a noncompetitive '!’”."b'mf at I.OW fully-reduced or half-reduced state prevents electron transfer
concentrations and an uncompetitive inhibitor at high from flavin to acceptors

concentrations (Tegoni et al., 1990). The authors gave a o ]
molecular explanation for the phenomenon by showing that  The crystal structure of th cerevisiaeenzyme provides
pyruvate has a higher affinity for the enzyme at the the baS|§ for understanding the higher pyruvate affinity for
semiquinone stage than at the oxidized or reduced stagesth® semiquinone state than for the oxidized form (Xia &
Furthermore, it was shown that pyruvate binding induced Mathews, 1990): pyruvate is observed to engage into an ion
an 85 mV upward shift of the F¥Fls;couple (Tegoni etal.,  Pair with R376 as well as a hydrogen bond with Y143 on
1986). As a consequence, the pyruvate-complexed flavin the carboxylate side (Figure 1); mostimportantly, its carbonyl
semiquinone was incapable of transferring electrons to 0Xygen lies within hydrogen bonding distance of both Y254
acceptors, hemis or ferricyanide (Tegoni et al., 1990; Janot and H373 N; the latter is therefore protonated whereas it is
et al., 1990). Tegoni et al. (1990) considered binding of Nnotin the oxidized enzyme. If we now consider the results
pyruvate to reduced enzyme not to play any role in the kinetic obtained with the D282N mutant enzyme, then the substitu-
inhibition pattern, even though, in the absence of monoelec- tion with asparagine does not appear to modify substantially
tronic acceptors, the product can act as a reverse substratéhe inhibition pattern: Dixon plots still indicate competitive
for the reduced enzyme (Urban et al., 1983). Although and noncompetitive inhibition according to the pyruvate
pyruvateK, values were determined for the reverse reaction, concentration range (not shown, but see Figure 3C for an
the actuaKy value of theEgpyruvate complex is not known  example of the outlook). The derived kinetic constant values
for either of the two homologous enzymes. are very similar to those measured for the WT enzyme (Table
For theSaccharomyces cerisiae WT enzyme, Hinkson 3). It may be reasonable to consider the competkivealue
and Mahler (1963) already suggested that pyruvate exhibitedas similar to if not identical with theKq value for the
its inhibitory action at two different stages of the reaction Eoxpyruvate complex, in view of the rate-limiting nature of
cycle. More recently, Dixon plots for pyruvate inhibition the first step in the reaction sequence, in particular for the
gave two slopes at each substrate concentration, indicatingmnutant enzyme. If this is correct, the result is not surprising.
competitive inhibition at low pyruvate concentratiohg € Indeed, if pyruvate binds t&. in the same orientation as
3 mM) and noncompetitive inhibition at higher concentra- observed in the crystal structure for the semiquinone stage,
tions (K;' = 30 mM) [Table 3 and Lederer (1978)]. It would then it would not be able to form a hydrogen bond to H373,
appear that, although the steady-state kinetic inhibition since the latter is in its basic form at that point (hence the
pattern is not exactly identical to that observed for the lower affinity of pyruvate for the oxidized enzyme). There-
homologue fromHansenula anomalapyruvate inhibition fore, the mutation would not be expected to have an
also arises from both competitive binding at the active site important effect on the binding of ligands that either do not

Lac

H Fl H @=FH FILH 2™ FI
Flox ox red ox sq red sq ox*— ox red
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Ficure 2: Inhibition by oxalate. (A,B) WT enzyme. The data are taken from the double-reciprocal plot in Lederer (1978) and replotted
as shown: L-lactate concentrations (mM), 0.2®); 0.33 @); 0.5 @); and 1 @). (C) D282N mutant flavocytochromb,: lactate
concentrations (mM), 0.523); 1 (®); and 2 @).

require a protonated H373 or do not bind to this residue at 150

all, when the enzyme is in the oxidized state. In contrast,
the Y254F mutation was found to significantly decrease
pyruvate binding toEq (M. Gondry, J. Dubois, and F.

Lederer, to be published). As far as the noncompetitive part 100 D)
of inhibition by pyruvate is concerned, it is at present

125

impossible to give a quantitative interpretation to the lack o 7SE .

of change in the parameter value in the absence of a more ] y

detailed kinetic analysis. The fact that the inhibition kinetic 30 4

pattern is again complex at least indicates that pyruvate still ]

has affinity for the semiquinone state of the D282N mutant 25 o

enzyme. This suggests that a strong stabilization of the H373 , \ . \
protonated state is not essential for pyruvate binding. % 002 004 006 008 0.10

The interaction of oxalate with flavocytochroniie has

been studied for both forms of the wild-tyf& cerevisiae
yise cerey Ficure 3: Dependence of (fraction of intermolecular tritium

enzyme (intact and proteolytically mckgd or Morton form) transfer) on fluoropyruvate concentration. Experimental details are
and for theH. anomalaenzyme, by a variety of methods. In  gescribed in Materials and Methods.

the steady state, mixed inhibition was observed (lines for
different inhibitor concentrations intersecting in the upper which undergoes alf shift from 4.7 in the unliganded
quadrant left of the ordinate, in the double-reciprocal plot) enzyme to 9.8 in the oxalate complex. This group was
(Blazy et al., 1976; Lederer, 1978). Replots of slope values suggested to be the active-site base (Ghisla & Massey, 1977).
versus inhibitor concentration yieldég = 0.3 mM for intact  |n view of the similarities in primary structure and function
enzyme an&; = 2 mM, while flavin spectral perturbations  petween lactate monooxygenase and flavocytochrogyie
induced by oxalate led to titrateka value of 0.5 mM (Table  seems reasonable to assume that oxalate binding would
3). Rapid kinetic methods indicated a two-step binding to induce protonation of H373 and its homologue H290 in the
the H. anomalaenzyme (Blazy, 1982), similarly to observa- monooxygenase. The lesser stabilization of the imidazolium
tions made on lactate monooxygenase (Ghisla & Massey,form of H373 induced in the oxidized D282N enzyme,
1975). With the D282N mutant enzyme, a Dixon plot compared to the wild-type oxidized form, could account for
indicated, as for pyruvate, that inhibition was competitive the affinity drop because of a weaker electrostatic interaction
at low oxalate concentrations and noncompetitive at higher petween the negatively charged ligand and the less acidic
ones (Figure 2C, Table 3), in contrast with the mixed imidazolium ion. One may then wonder why this effect is
inhibition observed for the wild-type enzyme using the felt less strongly for sulfite than for oxalate binding (Table
double-reciprocal plot (Lederer, 1978). In order to avoid 3). There is a plausible interpretation of these differences.
any ambiguity, the data of the 1978 paper were used for Indeed, one of us has argued that when the flavin N1 position
constructing Dixon plots as well as the [8]+ f([I]) plot is negatively charged, it contributes, together with D282, to
proposed by Cornish-Bowden (1974) (Figure 2A,B). The the stabilization of the H373 acidic form (Lederer, 1992).
combination of the two plots confirms the mixed nature of Results described below support this contention. The flavin
the wild-type enzyme inhibition by oxalate. N1 position is negatively charged at the semiquinone and
Thus, between the wild-type and the mutant enzymes, therereduced stages as well as in the flavaulfite adduct.
is a clear change in the kinetic pattern of inhibition by Therefore, the destabilizing effects of the D282N mutation
oxalate. Does this imply a change in the molecular basis of should be more strongly felt when protonation of the histidine
the inhibition by this compound? This is less than certain. is required at the Gl stage, when the flavin is neutral. The
From the combined data, it appears legitimate to assume thatesult of the mutation is a 10-fold increase in the oxal§te
oxalate binds to the oxidized form, thereby competing with (Kg) value.
the substrate. Table 3 indicates a 10-fold increase in the As to the other aspects of the inhibition by oxalate, it is
competitiveK; value as a consequence of the mutation. This likely that they arise from binding to the semiquinone and
suggests a decreased oxalate affinity for the oxidized enzymepossibly the reduced enzyme forms. The Dixon plot for
It has been shown for lactate monooxygenase that the seconaxalate (Figure 2C) shows exactly the same pattern as the
step of oxalate binding implies uptake of a proton by a group one for pyruvate and, strikingly enough, very similar values

1/ [Fluoropyruvate] (1/mM)
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for the deduced inhib!tion parameters (Table 3). This Table 4: Steady-State Kinetic Parameters for the Reverse Reaction
suggests that, at least in the mutant enzyme, pyruvate andyith Fluoropyruvate

oxalate |nh|b_|t in _th_e same way, by binding at th_exl%lnd enzyme Kon (MM) ket (1)

Flsq stages with similar affinities. Therefore the differences T 89+30 58107

observed for oxalate between the WT and the D282N mutant Vg 2% 39510 050 0.02
enzymes may have as origin a drop in the affinity of the D282N 4.8+ 0.2 0.224+ 0.02

ligand for all redox states to which it binds (oxidized, @ The data were obtained as described under Methods. They are

Semiqumqne, and pOSSi_bW _reduced), combined with t_he the average of three independent experimerBalme and Lederer
changes in substrate kinetic parameters. More detailed(1994).

investigations are required to fully elucidate the phenomenon.
As explained above, a StOppedfﬂOW_an_aly_Sls IS preclude(_j N Table 5:  Determination of the Rate Constant for Exchange with
the slow mutant cases. Analysis of inhibition patterns using the Solvent of the Protein-Bound Substrat®roton

wild-type and mutant flavodehydrogenase domains might

provide interesting information enzyme slope. (mM)° _ K'(S7)° _ ApKa (pH units)
Influence of the D282N Mutation on the p&f H373 It \\/(vgggpeﬂ 106+£1.6  25£0.6 -
. . mutarit 161+ 8 8.2+ 28 —-05
has been demonstrated before that the active-site basepogon mutant 1379 20 63+ 4 14

undergoes an upward(gshlft upon enzyme r'e.duc'tlon. The 2Balme and Lederer (1994) Derived from plots such as that of
structural fac_tor_s_ respon5|ble_z for the stabilization of the Figure 2.¢ Calculated using eq E.Calculated using eq 3.Average
protonated histidine were discussed by Lederer (1992); of values obtained for intact and Morton wild-type enzymes and the
among them was obviously the electrostatic interaction with recombinant flavodehydrogenase domain (Balme & Lederer, 1994).
D282. It was thus of interest to evaluate the effect of the D
to N mutation on the histidinekq. activity of the latter for lactate oxidation is rather similar to
The basic observation concerning the H373 protonation that of the D282N mutant form (6 versus 4 st) compared
state was that the enzyme-bound substraggroton was to that of the WT (Table 1). A lovi.o:value for the reverse
sticky: in the absence of a monoelectronic acceptor, it could reaction would therefore be expected for the two mutant
be transferred to a keto acid acting as a reverse substrategnzymes, unless they had undergone important flavin redox
while a certain proportion, depending on reaction conditions, potential changes.
was also lost to the solvent (Urban & Lederer, 1985). Next, the fraction of intermolecular tritium transfer from
Monitoring the amount of intermolecular tritium transfer [2-*H]lactate at varying fluoropyruvate concentrations was
from [2-*H]lactate as a function of the keto acid acceptor determined as described in Materials and Methods. Results
concentration offers a means to determine the first-order rateare presented in Figure 3 under a double-reciprocal form.
constant for exchange with the solvent of the enzyme-bound The line intersects the ordinate atrl# 0.95, in good

a-proton, kY, according to eq 1: agreement with the theoretical value of 1 (eq 2). The slope
value,a (Table 5), is more than 2 orders of magnitude larger
k' = a[ksofKl (1) than that for the wild-type protein and nearly 10-fold larger

than that of the Y254F enzyme. It was clear during the
wherek:, and K, are the kinetic parameters for keto acid experiments that exchange with the solvent must be much
reduction by reduced enzyme aunds given by eq 2: more rapid than that for the two other enzymes. Indeed,
) thet values determined at the extremes of the fluoropyruvate
1/r =1+ ofl/(keto acid)] (2)  concentration range were 0.8% and 2.6% compared to about

wherer is the fractional amount of isotope transferred from 40% and 70% for the wild-type enzyme and 6% and 18%
[2-3H]lactate to the keto acid substrate (Urban & Lederer, for the tyrosine mutant protein over t.he same concentration
1985); a is also equal to the keto acid concentration that fange. In principle, one could determine higher experimental
gives rise to 50% transfer (Rose et al., 1974; Balme & transfer levels by going to even higher fluoropyruvate
Lederer, 1994). If the nature of the solvent species which concentrations. Butthereis a I|m_|t_to this, owing to th_e fac_t
catalyzes proton exchange is known (buffer ion or water), that fll_Joropyruvate labels the oxidized enzyme and inacti-
then the second-order rate constant for exchange can be&/ates it (Urban & Lederer, 1988). _
calculated and fed into the Eigen equation for estimating the = With the values given in Tables 4 and 5, eq 1 yields a
catalytic base 6. (Eigen, 1964). In our case, the instability ~ first-order rate constant for the proton gxchange of 63 s
of the enzyme at low buffer concentrations has thus far madeand eq 3 yields a\pKZ™ of —1.4 pH units, a figure that
it difficult to estimate the buffer sensitivity of the-proton gives an approximate measure of the weakening of the
exchange with the solvent. Neverthe]essy assuming every_eleCtrOStatiC interaction induced in the reduced enzyme by
thing else to remain constant, it is possible to calculate a the D282N mutation (about 2 kcal/mol). Nevertheless, if
pKa shift between the wild-type enzyme and a mutant form W€ assumgd the effects of the mutations at Y254 and D282
using first-order rate constants for exchange, according tot0 be additive, then the proton exchange rate would still be
eq 3: no more than about 200'% in other words, it would still

be very much slower than that for a freely accessible histidine

ApK (mutant-WT) = Iog[kg'(WT)/kg'(mutant)] (3) in the buffer used for these experiments §200° s 3).

Therefore, the protein structure provides additional stabilizing
We first determinedk.: and Ky, values for reduction of  elements. It is most likely that a hydrogen bond still exists
fluoropyruvate by the reduced D282N mutant enzyme. between N282 and H373 (see below), but its effect should
Results are compared in Table 4 to those obtained previouslybe less than that of the lost electrostatic interaction and thus
for the wild-type and the Y254F enzymes. The specific cannot account for a difference of% orders of magnitude.
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It has been suggested before, upon detailed inspection ofAsp. The very modest effect of the mutation on substrate
the crystal structure, that the negative charge on the reducedffinity and the sizable decrease in stabilization of the
flavin N1 position contributes in a major way to th&p transition state for-proton abstraction (2.8 kcal/mol) are
increase experienced by H373 upon enzyme reductionin agreement with mechanistic predictions (Lederer &
(Lederer, 1992). The present results support but do not proveMathews, 1987; Lederer, 1991). Furthermore, active-site
this suggestion. Further studies aimed at destabilizing themutant enzymes offer means of obtaining information on
negatively charged state of the reduced flavin (for example, possible binding modes for inhibitory ligands. The results
removing the positive charge of K349) should contribute to given in Table 3 indicate that the mutation and the resulting
shed light on the matter. It must, however, be noted that, greater difficulty of protonating H373 have little consequence
with the 25-fold increase df: induced by the mutation, we  for the binding of most ligands, except for lactate at the
have been working rather close to the limits of detection of semiquinone stage and for oxalate at several if not all redox
intermolecular hydrogen transfer. Therefore, for any increasestages. A rationalization of the observed effects is presented
in K' value that is significantly larger than the one observed in the preceding section. Finally, the value of the rate

in this paper, another quantification method would probably constant for exchange with the solvent of the protein-bound
have to be devised. substratea-proton indicates that the electrostatic field of

D282 is insufficient to account for the whole extent of
stabilization of the H373 acidic state in the reduced enzyme.
This adds support to the suggestion that the anionic charge

quinone is an intermediate in intramolecular electron transfer ©f the reduced flavin is a major contributor to the phenom-
during the catalytic cycle. Owing to the reciprocal stabiliza- enon (Lederer, 1992). i )
tion effects which are postulated to exist between thg FI [N what precedes, we have been analyzing the properties
and Fl,N1 anions and the protonated imidazolium of H373 Of the D282N mutant enzyme in terms of the carbanion
(Lederer, 1992), one may wonder if the latters lesser mechanism. It .has recently peen argued that a hydride
stabilization in the mutant enzyme may influence electron ransfer mechanism was more likely (Stenberg et al., 1995),
transfer rates. Since the first step of the catalytic cycle, N View of the lack of effect of the Y254F mutation on
o-proton abstraction, is entirely rate limiting in the mutan

The present work brings no direct information as to the
possible effects of the D282N mutation on the electron
transfer properties of the & and Fl, states. The semi-

t+ apparent substrate affinity (Figure 1) (Stenberg et al., 1995;

enzyme, heme reduction rates must still be quite rapid Pubois et al., 1990). It was suggested that H373 would
compared to that of this first step. Furthermore, there is a father remove the substrate hydroxyl proton, thus facilitating
strong suspicion that, in the WT enzyme, flavin reoxidation direct hydride transfer to the flavin N5 position. We bellevg
and heme reduction may be limited by heme-binding domain the Present results strengthen the case for the carbanion
movements; in other words, they could be conformationally m_echanlsm._ F_|rstly, a S|mllar-BN mutation of the catalytic
gated (Miles et al., 1992; Lederer, 1994). In this case, no HIS™ASP pair in NADH-linked lactate dehydrogenase re-
alteration in the interactions between the domains would be Sultéd in a drop of thé./Kn value by a factor of about 200

expected in the mutant enzyme, since the H373-D282 pairfor lactate oxidation and of about 2000 for pyruvate reduction
does not lie at the interface. (Clarke et al., 1988). This result showed that stabilization

of the protonated histidine was more important for reduction
CONCLUSION than for oxidation. In our case, the./Ky, value decreased
about 100-fold for lactate oxidation and less than 10-fold
In the flavocytochromeb, active site, one of the D282  for fluorolactate reduction. The comparison does not speak
carboxylate oxygens accepts a hydrogen bond from H373in favor of an identical mechanism. Secondly and more
NJ; the other oxygen is hydrogen bonded to WAT 609; in importantly, we find it hard to explain how the altered

turn, the latter interacts with S371yQXia & Mathews, interaction between H373 and N282 could induceka p
1990). Identical interactions are formed by the active-site decrease (as monitored by the proton exchange rate) at the
aspartate, D157, in glycolate oxidase (Lindqvist & Bilen, reduced flavin N5 position, since the substratbydrogen

1989; Lindgvist et al., 1991). Replacement of the second would be transferred to and from that position in a hydride
carboxylate oxygen with the asparagine amido nitrogen transfer reaction. In the WT enzyme, the electrostatic field
should not appreciably disturb the hydrogen bond network; of the imidazolium ion would be expected to confer some
in particular the proton of neutral H373 could still reside at stabilization, if anything, to the N5 anion formed transiently
NO rather than M. Several observations support these during proton exchange with the solvent and hence to
hypotheses. Firstly, the D282N mutant flavocytochrdime  facilitate exchange; the mutation would then be expected to
undergoes a decreasekif; value of less than 100-fold; one make the proton more sticky, whereas the opposite is
would expect a much larger drop ifeNwere protonated  observed.

instead of N, because the histidine could not act as a base

toward the substrate. In comparison, the D102N mutant of ACKNOWLEDGMENT
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