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Two arginine residues, Arg-181 and Arg-268, are conserved
throughout the known family of FMN-containing enzymes that
catalyze the oxidation of a-hydroxyacids. In the lactate oxidase
from Aerococcus viridans, these residues have been changed to
lysine in two single mutations and in a double mutant form. In
addition, Arg-181 has been replaced by methionine to determine
the effect of removing the positive charge on the residue. The
effects of these replacements on the kinetic and thermodynamic
properties are reported. With all mutant forms, there are only small
effects on the reactivity of the reduced flavin with oxygen. On the
other hand, the efficiency of reduction of the oxidized flavin by
L-lactate is greatly reduced, particularly with the R268K mutant
forms. The results demonstrate the importance of the two arginine
residues in the binding of substrate and its interaction with the
flavin, and are consistent with a previous hypothesis that they also
play a role of charge neutralization in the transition state of
substrate dehydrogenation. The replacement of Arg-268 by lysine
also results in a slow conversion of the 8-CHs- substituent of FMN
to yield 8-formyl-FMN, still tightly bound to the enzyme, and with
significantly different physical and chemical properties from those
of the FMN-enzyme.

he enzyme L-lactate oxidase from Aerococcus viridans

(LOX) is a member of the family of flavoproteins that
catalyze the oxidation of a-hydroxyacids (1). The kinetic char-
acteristics of the enzyme have been reported by our group, but
still the mechanism of the reductive half-reaction by a-hydroxy-
acids is one of central interest. Our previous study of the
reactivity of LOX with a series of para-substituted mandelates
indicated little development of charge in the transition state of
the reductive half reaction (2). This result is compatible with
either a hydride mechanism or with a synchronous mechanism in
which the a-CH- of the substrate is formally abstracted as a
proton, whereas the resulting charge is simultaneously neutral-
ized by another event. We proposed the participation of two
arginine residues, Arg-181 and Arg-268, which are located
around the FMN and which could be part of the substrate
binding site, based on the x-ray crystal structures of glycolate
oxidase (3, 4) and flavocytochrome b, (5, 6). These two arginine
residues are conserved in all family members, as shown in Fig.
1. It should be noted that there is a 20- to 30-aa residue insertion
in L-lactate monooxygenase and L-mandelate dehydrogenase
between these two arginine residues.

In this paper, we have replaced these two residues by either
lysine as a relatively mild perturbation or methionine as remov-
ing positive charge (R268K, R181K, R181M, and R181K +
R268K) and studied the characteristics of the resulting enzymes
to try to elucidate the functions of these arginine residues. We
found that both residues are involved in the reductive half
reaction and in the interaction of substrates and ligands with the
FMN prosthetic group.

Materials and Methods

Site-Directed Mutagenesis. Amino acid substitutions R181K,
R268K, and their double substitution were carried out by a

site-directed mutagenesis of the lactate oxidase gene in the
expression vector, pAOXS, which is composed of a 1.2-kb insert
containing the coding region for lactate oxidase in pACYC184.
Two fragments were generated by PCR: one contained the
sequence from the HindIII site of the pACYC184 plasmid to the
site of mutagenesis and the other the sequence from the site of
mutagenesis to the BamHI site of the expression plasmid. These
two fragments were annealed at the site of mutagenesis and
extended enzymatically to yield the coding region with the
expected mutation. The resulting sequence was amplified by
PCR using the HindIII and BamHI site primers. After treatment
with HindIIl and BamHI, the DNA product was ligated into
these restriction sites in pACYC184 to yield the expression
plasmid, pAOXS, with the appropriate mutation. The double
mutant was generated by using the primers for both mutations
together with the primers that generated the HindIII and BamHI
sites, resulting in three DNA fragments, which were annealed,
extended, and ligated into the expression vector. The mutation
of R181IM was carried out by the method of Kunkel et al. (7).

Flavin Extraction from the Enzymes. Buffer salts in solutions of
R268K-LOX and wild-type LOX were replaced by water by
repeated ultrafiltration with Centricon 30 filters. Trifluoroacetic
acid (TFA) (25 ul) was added to 0.5 ml enzyme solution. After
2 min of incubation, the samples were centrifuged in a microfuge
for 2 min. Diethyl ether (10 ml) was added to the supernatant and
shaken well in a separating funnel to remove TFA from the water
phase. This process was repeated until the pH value of the water
phase became neutral.

HPLC Analysis. RP-HPLC analysis was carried out with a Hitachi
instrument, Hitachi model 655 pump and Hitachi model L-6200
intelligent pump with a Hitachi model F1000 fluorescence
detector, using a Hi-Pore RP-318 (Bio-Rad) 250 X 10-mm
column. Elution was carried out with a linear gradient between
10% and 50% methanol in 5 mM ammonium acetate solution,
and the fluorescence at 530 nm of the eluant was monitored
employing an excitation wavelength of 450 nm. The flow rate was
2 ml/min at room temperature.

Matrix-Assisted Laser Desorption lonization-Time-of-Flight (MALDI-
TOF) Mass Spectra. A PerSeptive Biosystems Vestec Mass Spec-
trometry Products with Voyager RF BioSpectrometry Worksta-
tion was used for the measurement of MALDI-TOF mass

Abbreviations: LOX, L-lactate oxidase; TFA, trifluoroacetic acid; MALDI-TOF, matrix-assisted
laser desorption ionization-time-of-flight.
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181 268 A = 87
LOX SGNRDRDV ~ VSNHGARQL

187 293 A = 106
LMO FGWRPRDL CSNHGGRQA

164 257 A = 93
GLO LGRREADI VSNHGARQL

289 - 376 A = 87
b, : LGQREKDM LSNHGGROL

165 277 A = 112
MDH NGYRERDL LSNHGGRQL

164 250 A = 86
LHO LGNRRRDK  VSNHGGROL

Fig. 1. Conserved two-arginine residues in members of the family of FMN-
containing flavoproteins that catalyze the oxidation of a-hydroxyacids. Only
parts of the sequences are shown; those on the left containing the recently
recognized catalytically important arginine residue, those on the right also
containing the active site histidine residue. Abbreviations: LOX, lactate oxi-
dase of Aerococcus viridans, (GenBank accession no. E02499); LMO, lactate
monooxygenase from Mycobacterium smegmatis (J05402); GLO, glycolate
oxidase from spinach, (J03492); b, flavocytochrome b, from Saccharomyces
cerevisiae (X03215); MDH, mandelate dehydrogenase from Pseudomonas
putida (J05293); LHO, long chain a-hydroxyacid oxidase from rat (X67156).

spectra of both the extracted flavins from LOX and the R268K
mutant enzyme and for the intact enzymes without flavin
release. Either sinapinic acid for flavin extracts or a-cyano-4-
hydroxycinnamic acid for protein-bound flavin was used as the
matrix material. A 10 mg/ml Matrix solution was made in
water/acetonitrile (2:1 and 1:1 ratio, respectively) in the pres-
ence of 0.1% TFA, and vortexed for 1 min. Equal volume of
supernatant of this matrix solution was mixed with the samples,
and 1-pL aliquots of the mixture were used for analysis. The

spectral calibration was done by using neurotensin, angiotensin,
or BSA as the external standard or by using the peaks of the
matrix in flavin extract samples as the internal standard.

Other experimental methods used in this work were as de-
scribed before (1, 2, 8).

Results

Absorption Spectra of Mutants. All of the mutant enzymes were
purified by the same method as for the wild type (1). Absorption
spectra of enzyme-bound flavin of mutant forms in 10 mM
imidazole buffer in the presence of 100 mM KCI are shown in
Fig. 2. The peak position of the visible wavelength region is at
458 nm (g453 = 11.2 X 103 M~ 1-cm™!) for R181M, and those for
other mutant forms are at 456 nm, the same as that of the
wild-type LOX (455 = 11.0 X 10> M~"-cm~! both for wild type
and R181K). The single mutations at Arg-181, R181K, or
R181M, did not show any spectral change with time, but the
mutant enzyme where Arg-268 was replaced with Lys (R268K)
showed time-dependent spectral changes. The double mutant
R181K/R268K showed quite similar changes of its spectrum
with time (see later section for details).

Spectral Perturbation by Pyruvate. Fig. 2 also shows the effects of
titration of the enzymes with pyruvate. Pyruvate addition to all
of the oxidized enzyme forms results in the development of a
slight but distinct shoulder around 490 nm. Red shifts of the
flavin visible absorption by 2 nm, 2 nm, and 10 nm were observed
in wild type, R181K, and R181M, respectively. On the other
hand, neither R268K nor R181K/R268K showed any peak shift.
Using the difference spectral data from titration with pyruvate,
the dissociation constants of the oxidized enzyme—pyruvate
complexes were determined as 21 mM, 30 mM, and 3 mM for
wild type, R181K, and R181M, respectively.
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Absorption spectra of wild-type and mutant forms of lactate oxidase, and the effect of addition of pyruvate. The dotted line spectra in each box are

those of the enzyme without pyruvate; the solid line spectra are those in the presence of saturating concentrations of pyruvate. Perturbations of the spectra

caused by the binding of pyruvate are shown as difference spectra.
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Table 1. Kinetic and thermodynamic parameters of L-lactate oxidase and the site-directed mutants

Wild type R181K R181M R268K R181K/R268K
kred 3205 2651 2.3s71 (210M~1s—1) (0.11 M~ 1s77)
180M~—1-s—1%
8.0 X 103 M~ 151 ND
1.3 X 104 M~ s 1%
Kd lactate 0.67 mM 7.3 mM 94 mM — _
kred/Kd lactates M~ 1571 8.1 X 10° 3.5 X 103 25 — —_
Kox oxygens M~ 1-s~1 1.8 X 106 9.0 X 10° 8.0 X 104 (3.6 X 10%) (2.9 X 10%)
1.3 X 105*
7.0 X 103 (4.6 < 103)
8.0 X 103*
Kon sulfites M~ 1571 1.5 X 10° 7.9 X 103 140 (7.7 X 103) 110
7.0 X 104 2.8 X 103
Koff sulfites S~ 7.6 X 1072 2.5x 1072 3.0 X 1073 (3.6 X 1073) (6.8 X 1073)
53X 104 3.2x 103
K4 sulfites M 5.0 X 1077 3.2x 1076 2.1 xX10°5 (4.7 X 1077) (6.2 X 1075)
7.6 X 1072 1.1 X 1076
Keat, S71 280 23.1 2.3 ND ND
K lactate 0.94 mM 7.5 mM 103 mM ND ND
Ko oxygen 160 uM 29 uM 30 uM ND ND
K4 Eox-pyruvate 21 mM 30 mM 3mM ND ND
Kd Ered-pyruvate 3 mM 56 mM 160 mM ND ND
Em ox/red —128 mV —126 mV —140 mV
Em ox/SQ —-95 mV
Em sQ/red —161 mV

ND, not determinable. In the entries for R268K and R181K/R268K, the values in parentheses are for the major phase reactions of
freshly prepared enzyme and presumably due to the normal FMN form. The corresponding values for aged enzyme are identified by
asterisks. All measurements were carried out in 10 mM imidazole with 100 mM KCl at pH 7.0, 25°C.

Reductive Half Reaction of R181K and R181M. The stopped flow
traces at 456 nm of R181K and R181M show single exponential
kinetics. From the L-lactate concentration dependence, limiting
first order rate constants of 25.6 s™! and 2.3 s™! were estimated
for R181K and R181M, respectively (Table 1). These values are
considerably lower than the reduction rate constant for wild-type
enzyme of 320 s™! (9) In addition to a decrease in kyeq, the Ky
for the oxidized enzyme-lactate complex was also increased
significantly for the mutant enzymes. The ratio kreqa/Kq 1actate 1S
a measure of catalytic efficiency, numerically equal to the better
known ratio of ke, /Km (9) and is decreased by a factor of 230 for
R181K and 32,000 for R181M (Table 1).

Time-Dependent Changes in Properties of R268K and R181K/R268K
Mutant Enzymes. Freshly prepared enzyme in which Arg-268 had
been replaced by Lys did not show any unusual characteristics in
absorbance properties. However, unlike the other mutant en-
zyme forms, the kinetics of reduction by L-lactate showed
biphasic kinetics. For example, the 456-nm traces of freshly
prepared R268K decreased in a biphasic manner with ca. 10%
occurring in a fast phase and ca. 90% in a slow phase. The fast
phase of absorbance decrease at 456 nm correlates with an
increase in absorbance at 395 nm and with a small monophasic
increase at 550 nm. From the major slow phase traces at 456 nm,
the reduction rate constant of R268K by L-lactate was calculated
as 210 M~ 1-s~! (Table 1). The small amplitude changes of the fast
phase made it difficult to determine the associated kinetic
parameters accurately, but the reduction rate constant was of the
order of 8 X 103 M~ s~ 1. The double mutant enzyme R181K/
R268K also displayed biphasic kinetics, summarized in Table 1.

On long-term storage in ice, the spectrum of R268K gradually
changed to one with wavelength maxima at 470 and 350 nm.
Similar changes occurred with R181K/R268K, but not with
wild-type enzyme or the other mutant forms. The aged enzyme
displayed the same type of multiphasic kinetic patterns as the
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freshly prepared enzyme, except that now the fastest phase of
reduction was associated with the major amplitude changes at
395, 456, and 550 nm. For this phase, the observed rate constants
are directly proportional to lactate concentration, with a second
order rate constant of 1.3 X 10* M~ s~ !. The second and third
phases are manifest only in the 430- to 500-nm region, but
because of the small amplitude changes, 17% and 28% the total
at 456 nm, it is difficult to determine accurately the associated
kinetic constants. Approximate values of 180 M~!s~! and 20
M~Ls™1 appear to be associated with these two phases. In the
spectral regions 360-420 nm and 510-570 nm, >90% of
the absorbance changes are associated with the fast phase of
reduction.

Fig. 3 shows the spectra of the oxidized and fully reduced
forms of the enzyme, freshly prepared and after aging. The
unusual spectral properties of the oxidized and reduced aged
enzyme are similar to ones reported by Edmondson (10) for
8-formyltetraacetyl riboflavin, where the intramolecular hemi-
acetal formation with the 5’ ribityl hydroxyl group found for
underivatized 8-formyl riboflavin is prevented by the tetraacetyl
substitution. Similar properties would be expected for 8-formyl-
FMN, where the terminal ribityl phosphate would also prevent
hemiacetal formation.

To test the possibility that the spectral changes observed on
aging are because of conversion of the 8-methyl substituent of
FMN to a formyl residue, the aged enzyme was denatured with
TFA, and the extract was subjected to RP-HPLC and MALDI-
TOF mass spectrometry. Control extracts from wild-type en-
zyme were run in parallel. The HPLC retention time for
wild-type extract was 12.54 min, identical to that of authentic
FMN, whereas the extract from R268K showed a major com-
ponent at 9.95 min and a minor component at 12.54 min.
MALDI-TOF analyses of the main HPLC fractions showed a
molecular weight of 471 for the flavin from aged enzyme and one
of 457 from wild-type enzyme. The latter value is exactly that of
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Fig.3. Spectral properties of the fresh and aged forms of R268K. (A) Enzyme
freshly purified. The spectra of the oxidized enzyme and that of the reduced
enzyme after reduction by lactate are shown. (B) Enzyme after storage in ice
for 3.5 mo in 10 mM imidazole/100 mM KCI buffer, pH 7.0. The spectrum
identified with @is that of the oxidized enzyme. The spectrum identified with
A is that formed maximally on irradiation with visible light under anaerobic
conditions in the presence of 10 mM glycine and 1 uM 5-deazaflavin (11). The
spectrum identified with O is that of the fully reduced enzyme obtained after
prolonged irradiation. The Inset shows the time course of the spectral changes
at 425, 470, and 700 nm as a function of irradiation time. The spectrum of
enzymed reduced by L-lactate was the same as that of the photochemically
reduced form.

FMN, and the difference of 14 mass units for the flavin from
aged enzyme R268K is that expected for conversion of a CHj3
residue to a CHO residue. The same values of 471 and 457 for
the flavins were also evident in the MALDI-TOF spectra of
intact enzyme, showing that the 14 mass difference was not
associated with release of the flavin from the protein.

Further confirmation of the nature of the modified flavin
was obtained by comparison of spectra of the oxidized and
reduced forms with those reported for 8-formyl tetraacetylri-
boflavin (10). Reduction was carried out photochemically
under anaerobic conditions to yield spectra essentially iden-
tical to those reported for the model flavin (Fig. 4) and
characterized by the unusually strong absorbance maxima at
390 and 520 nm for the reduced form. In the pH range around
neutrality, lactate oxidase stabilizes both the neutral and
anionic forms of FMN, with an observed pKa of 6.0 (1).
Because of paucity of modified enzyme, we were not able to
make a study of the effect of pH, but, at pH 7, the spectral
changes on photochemical reduction (Fig. 3B) indicate the
stabilization of both semiquinone forms of 8-formyl-FMN,
characterized by the intense peak at 425 nm, presumably that
of the anionic semiquinone, and the broad absorption band in
the 600- to 800-nm region, characteristic of the neutral
semiquinone forms of normal flavin and other modified
flavins (12)

Oxidative Half Reaction by Molecular Oxygen. The two mutant
forms where Arg-181 was replaced by Lys or Met were reoxi-
dized by molecular oxygen in a single exponential fashion with
observed rate constants directly proportional to the oxygen

13042 | www.pnas.org

0.14
[UE]
O
p=4
<C
m
i
O
(]
[21]
<
1] S ——
300 400 500 600 700 800
WAVELENGTH (nm)
Fig. 4. Spectra of the oxidized and photochemically reduced form of the

flavin extracted from aged R268K. The spectrum of the reduced flavin was
obtained under anaerobic conditions by brief irradiation with visible light in
the presence of 15 mM EDTA, pH 7.0.

concentration. The second order rate constants of R181K and
R181M were 9.0 X 10°s~ M~ and 8.0 X 10*s M1, 47% and
4% of that for wild-type enzyme. On the other hand, the mutant
enzyme with Arg-268 replaced by Lys showed two phases, the
major phase being the faster one in the case of freshly purified
samples of the enzyme. Rate constants are listed in Table 1. On
aging, the R268K enzyme again showed changes in the kinetic
pattern of reoxidation by oxygen. Now the minor change in
absorbance at 468 nm (~22% total) was the fastest phase, with
a second order rate constant of 1.3 X 10> M~ s~!. The major
change in absorbance (=73% total) was associated with a rate
constant of 8 X 10> M~s~L. The third phase (=5% total) was
not capable of consistent analysis. The major phase in aged
enzyme is probably because of the 8-formyl-FMN form of the
enzyme, because this form is present only in small amounts
(=15%) in freshly prepared enzyme and increases on long-term
storage (see previous section).

Sulfite Reactivity. Lactate oxidase, in common with many fla-
voprotein oxidases (13), forms an equilibrium flavin N5 adduct
with essentially complete loss of the typical flavin absorbance in
the 350- to 500-nm region. Thus, the kinetics of adduct formation
(kon) can be monitored conveniently by stopped flow spectro-
photometry, and that of adduct dissociation (ko) by competition
with methylmethane thiosulfonate, which reacts very rapidly
with free sulfite (14). All of the mutant forms were found to react
much more slowly with sulfite than does wild-type enzyme.
R181K and R181M forms showed single exponential reactions
with sulfite. Similar simple behavior was found for sulfite release.
The relevant ko, and k¢ values are listed in Table 1. In common
with all other properties, the freshly prepared R268K and
R181K/R268K mutant forms showed complex behavior, with
minor fast and major slow changes. The derived rate constants
are listed in Table 1.

Steady State Kinetics. The catalysis of oxidation of L-lactate by the
mutant enzymes was determined by the method of enzyme-
monitored turnover, in which the absorbance of the enzyme itself
in the presence of excess L-lactate and limiting concentrations of
oxygen was used to determine the rates of the enzyme-catalyzed
reaction (15). In all cases, parallel Lineweaver-Burk plots of
reciprocal turnover number versus reciprocal oxygen concentra-
tion were obtained at various concentrations of L-lactate. Sec-
ondary plots of the intercepts versus L-lactate concentration
yield the kinetic constants Kcat, K tactate> and K oxygen, as listed

Yorita et al.



3
T T T T
S\ -130F ]
0 g '150_\\\\-
[ e F R
= &
S ; -170f ]
& 2r w b ]
N -190 L L
= 0 10 20 30 40 50
° [Pyruvate] (mM)
-
©
>
>
=
>
o 1r
=
(@]
ie]
0 1

-1 0 1
log {[E, J/[E eql}

Fig. 5. Determination of the mid point potential at pH 7.0 of the R181M
enzyme form and the effect of pyruvate concentration on the apparent Ep,
value. The concentrations of oxidized (Eox) and reduced (Ereq) enzyme forms
were determined from the spectra at equilibrium on mixing enzyme under
anaerobic conditions in a Hi-Tech model SF-61 stopped flow spectrophotom-
eter at fixed pyruvate concentrations of 2.5 mM (#), 10 mM (V), 20 mM (A),
and 40 mM (@). The E,, apparent values were determined from the intercept
values of log (Eox/Ered) and are shown in the Inset. The line through the points
of the inset is a theoretical one for an E, value of —140 mV in the absence of
pyruvate (see text for details).

in Table 1. The results are consistent with a modified ping-pong
mechanism as established for wild-type enzyme (1).

kl kred
EFI, + L-lactate = EFI-lactate —— EFI,.q + pyruvate
ks kg
k()X

EFI,.q + O, =— EFI,, + H,0,

The kinetic constants obtained are in impressive agreement with
those predicted from the individual rate constants determined in
the separate reductive and oxidative half reactions. For the
kinetic mechanism above, Kcat = Kred, Kim 1actate = K2 + krea/k1 and
K oxyeen = krea/kox. Also in agreement with the observed
apparent second order reactions of R268K and R181K/R268K
with both L-lactate and oxygen, the steady state kinetic plots with
these enzyme forms also gave parallel Lineweaver-Burk primary
plots, but the secondary plots of intercepts versus reciprocal
L-lactate concentration extrapolate to the origin.

Oxidation-Reduction Potentials. The redox properties of R181M
were determined by stopped flow experiments, where oxidized
enzyme was mixed anaerobically with varied concentrations of
L-lactate at a series of fixed concentrations of pyruvate. The
degree of reduction of the enzyme flavin was monitored by the
spectra of the equilibrium mixture of each reaction. The plots of
log [pyruvate]/[lactate] versus log [Eox]/[Ered] yield values for
the observed redox potential at the varied fixed pyruvate con-
centrations as shown in Fig. 5. These results are expected
because of the very different values of the dissociation constants
of pyruvate binding to oxidized enzyme (3 mM) and reduced
enzyme (160 mM). The data may be analyzed by the following
equation (16):

Ey=E,, + RT/nF In K, /K,eq + RT/nF In (Kyeq
+ [L]t)/(Kox + [L]t) + RT/I’ZF In on/Ercd

Yorita et al.

where [L]; = total pyruvate concentration, Kox = Kg for Eoxpyr
complex, Kieq = Kg for Ereq.pyr complex, and Eox and Ereq the
concentrations of oxidized and reduced forms of the enzyme.

The inset of Fig. 5 shows the plots of apparent midpoint
potentials at different pyruvate concentrations and also shows
the calculated values based on the above equation with the Ko
value of 3 mM and K;.q value of 160 mM. From this plot, the real
redox midpoint potential of R268K mutant form is determined
as —140 mV. With R181K, the Ky values for pyruvate binding to
oxidized and reduced enzyme are similar; hence, pyruvate
concentration should have very little effect on the measured
redox potential. We therefore determined its redox potential by
the same method as described above. In this case, as expected,
a single linear plot of log [pyruvate]/[lactate] versus log [Eox]/
|Erea] was obtained, independent of the total pyruvate concen-
tration. The E,, value at pH 7.0 was determined as —126 mV
(Table 1).

With wild-type enzyme, we were not able to employ the above
system, because no convenient ratios of pyruvate and lactate
could be obtained that provided reliable and reproducible
measurements of partially reduced enzyme. In this case, the
midpoint potential was obtained by a combination of measure-
ments of the 1-electron redox potential, Ey oyso, and the
semiquinone stability constant (17). The En, oxso potential was
measured as —95 mV by the xanthine/xanthine oxidase method
(18) using indigo disulfonate (E,, = —116 mV) as standard. The
semiquinone stability constant K was determined by following
the formation and decay of the semiquinone, with its character-
istic large extinction at 398 nm, as a function of time during
reduction of the enzyme by the xanthine/xanthine oxidase
system in the presence of benzyl viologen as 1 electron mediator.
The value of K was determined as 12.4, which determines the
value of the second one-electron couple, Ey, sored as being 66
mV more negative than that of Ey, ox/s0, resulting in a value of
—161 mV for the E, sored couple and in a midpoint potential for
the couple Eox/E;eq of —128 mV (Table 1).

Discussion

The proposed roles of Arg-181 and Arg-268 in the oxidation of
substrate were probed by conservative mutations, in which the
original positive charge should be maintained. Thus, the two
single mutant forms R181K and R268K, and the double mutant
form R181K/R268K were prepared and their effects on enzyme
properties determined. These three mutations had compara-
tively little effect on the reactivity of the reduced enzymes with
oxygen, but affected greatly the rate constant of reduction of the
enzyme by L-lactate (Table 1). Results with the R268K and
double mutant enzymes are complicated by the gradual changes
of the flavin, but with freshly prepared enzyme the reduction by
L-lactate in both cases is effectively second order with rate
constants of 210 M~!s7! and 0.11 M~Ls™L respectively. This
result indicates that not only was reduction more difficult, but
that binding of the substrate was so weak that no enzyme
substrate complex could be detected. The R181K enzyme
showed saturation kinetics on reduction by L-lactate but with a
12-fold lower value of k.4 than wild-type enzyme and an 11-fold
weaker binding of lactate. The binding of pyruvate to the R181K
reduced enzyme form was almost 20-fold weaker. These results
are consistent with both arginine residues playing a role in
catalysis through their interaction with substrate and product.
Because the R181K enzyme retains appreciable catalytic
activity, the positive charge of this arginine residue was removed
by replacement with methionine. The reduction of R181M by
L-lactate still showed saturation Kinetics, but the rate was
decreased by a further 11-fold from that of R181K and with a
further 13-fold weaker binding of lactate. The reoxidation of the
reduced enzyme also decreased 23-fold and 11-fold, respectively,
from that of the wild-type and R181K enzymes. The R181M
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enzyme was also unusual in its binding of pyruvate to the
oxidized enzyme form, where an unusually large spectral change
was observed on binding (Fig. 2). The binding of pyruvate to the
oxidized enzyme was much tighter than that found with wild-
type and R181K enzymes, and was also unusual in binding much
more tightly to the oxidized enzyme than to the reduced form
(Table 1). Indeed, these properties appear to be the reason for
the decreased reactivity of the enzyme with lactate, because the
preferential binding of pyruvate to oxidized enzyme would result
in a 50-mV decrease of the midpoint redox potential to a value
close to that of the free pyruvate/lactate couple (—189 mV).
This property should be contrasted with that of the R181K
enzyme, where pyruvate binding is similar to both oxidized and
reduced enzyme forms and so does not perturb the redox
potential. On the other hand, with wild-type enzyme, pyruvate
binding is 7-fold tighter to reduced enzyme than to oxidized
enzyme, which would be predicted to result in a 25-mV increase
in the flavin midpoint potential, making the thermodynamics of
reduction by lactate even more favorable.

The major surprise with this study was the unexpected con-
version of the normal FMN in R268K and R181K/R268K to
8-formyl-FMN. This is a slow process occurring over many
months, but some of the modified flavin is present even in fresh
preparations of the enzymes. A corresponding instability has
been observed with an analogous mutant form of lactate mono-
oxygenase, where the R293K enzyme appeared to form an
equilibrium N5-flavin adduct with a protein thiol residue (19).
Lehman and Thorpe (20) have reported previously on variable
amounts of an unidentified flavin in preparations of the electron
transfer flavoprotein from pig kidney. The spectral properties of
this flavin are very similar to those reported here and in ref. 10.
The mechanism of conversion of normal flavin to 8-formyl FMN
has not yet been addressed experimentally. The conversion
involves a four-electron oxidation, possibly initiated by proton
abstraction from the 8-methyl substituent by the unprotonated
e-amino residue of the introduced lysine and subsequent reac-
tions of the resulting 8-quinone methide, a very reactive flavin
form involved in covalent flavin—protein attachment (21-23). In
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this respect, we plan to change Arg-268 to a methionine residue,
where the conversion to 8-formyl FMN would not be expected
to occur.

The properties of the 8-formyl FMN enzyme are consistent
with the higher redox potential expected of 8-formyl-FMN.
Based on the studies of Edmondson (10), the midpoint potential
of 8-formyl-FMN at pH 7 would be expected to be ca. —90 mV,
a value ca. 120 mV more positive than that of FMN. From the
previously observed linear free energy relationship data, this
increase in redox potential would be expected (9) to result in
much faster reduction by lactate, much slower reoxidation of the
reduced flavin by oxygen, and a considerably tighter binding of
sulfite, in keeping with the results obtained (Table 1).

In conclusion, the present studies confirm a catalytic role for
Arg-181 in addition to that of Arg-268, as expected from the
crystal structures of flavocytochrome b, (5) and glycolate oxi-
dase (4) and the impressive conservation of active site residues
in this whole family of enzymes (1, 14, 24). Similar mutations
have been carried out with lactate monooxygenase (25, 26),
mandelate dehydrogenase (27), and flavocytochrome b, (6, 28).
In each case, it is clear that the pairs of arginine residues are
involved in substrate binding and catalysis. Although the results
do not offer any real proof, they are consistent with the
hypothesis that the two arginine residues serve the complemen-
tary roles of assisting in binding of the substrate carboxylate and
in neutralizing the negative charge developed in the transition
state on removal of the proton from the a-carbon position by the
active site histidine base (2).
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