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ABSTRACT: Flavocytochromeb2 from Saccharomyces cereVisiae couplesL-lactate dehydrogenation to
cytochromec reduction. The crystal structure of the native yeast enzyme has been determined [Xia, Z.-
X., and Mathews, F. S. (1990)J. Mol. Biol. 212, 837-863] as well as that of the sulfite adduct of the
recombinant enzyme produced inEscherichia coli[Tegoni, M., and Cambillau, C. (1994)Protein Sci. 3,
303-313]; several key active site residues were identified. In the sulfite adduct crystal structure, Arg289
adopts two alternative conformations. In one of them, its side chain is stacked against that of Arg376,
which interacts with the substrate; in the second orientation, the R289 side chain points toward the active
site. This residue has now been mutated to lysine and the mutant enzyme, R289K-b2, characterized
kinetically. Under steady-state conditions, kinetic parameters (including the deuterium kinetic isotope
effect) indicate the mutation affectskcat by a factor of about 10 andkcat/KM by up to nearly 102. Pre-
steady-state kinetic analysis of flavin and heme reduction by lactate demonstrates that the latter is entirely
limited by flavin reduction. Inhibition studies on R289K-b2 with a range of compounds show a general
rise inKi values relative to that of wild-type enzyme, in line with the elevation of theKM for L-lactate in
R289K-b2; they also show a change in the pattern of inhibition by pyruvate and oxalate, as well as a loss
of the inhibition by excess substrate. Altogether, the kinetic studies indicate that the mutation has altered
the first step of the catalytic cycle, namely, flavin reduction; they suggest that R289 plays a role both in
Michaelis complex and transition-state stabilization, as well as in ligand binding to the active site when
the flavin is in the semiquinone state. In addition, it appears that the mutation has not affected electron
transfer from fully reduced flavin to heme, but may have slowed the second intramolecular ET step,
namely, transfer from flavin semiquinone to hemeb2. Finally, the X-ray crystal structure of R289K-b2,
with sulfite bound at the active site, has been determined to 2.75 Å resolution. The lysine side chain at
position 289 is well-defined and in an orientation that corresponds approximately to one of the alternative
conformations observed in the structure of the recombinant enzyme-sulfite complex [Tegoni, M., and
Cambillau, C. (1994)Protein Sci. 3, 303-313]. Comparisons between the R289K-b2 and wild-type
structures allow the kinetic results to be interpreted in a structural context.

Flavocytochromeb2 (L-lactate:cytochromec oxidoreduc-
tase, EC 1.1.2.3) from the yeastSaccharomyces cereVisiae
is a soluble component of the mitochondrial intermembrane
space (1), where it couplesL-lactate dehydrogenation to
cytochromec reduction (2). The DNA encodingS. cereVisiae
flavocytochromeb2 has been cloned and expressed at a high
level inEscherichia coli(3). The enzyme is a homotetramer
with a subunitMr of 57.5 kDa (4). The structures have been

determined for the native enzyme fromS. cereVisiaecrystal-
lized in the presence of lactate (5) and for the sulfite adduct
of the recombinant enzyme expressed inE. coli (6). These
are isostructural and clearly show that each subunit is
composed of two distinct domains. The smaller of these is
the N-terminal cytochrome domain containing protoheme IX
(residues 1-99), and the larger is the C-terminal domain
containing noncovalently bound flavin mononucleotide
(FMN).1

In light of previous functional studies, possible roles in
the catalysis of substrate dehydrogenation were assigned to
various side chains observed to lie close to the flavin in the
crystal structure (7). These residues occupy identical positions
in the glycolate oxidase crystal structure (8); furthermore,
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they were found conserved, with one exception, in the
sequences of related enzymes such as lactate dehydrogenase
from E. coli (9), lactate monooxygenase fromMycobacterium
smegmatis(10), lactate oxidase fromAerococcusViridans
(11), long-chain 2-hydroxy acid oxidase from rat kidney (12),
and mandelate dehydrogenases fromPseudomonas putida
(13) and Rhodotorula graminis(14).The catalytic roles of
many of these active site residues have been probed by site-
directed mutagenesis (15).

One residue close to the active site, but which has until
now not been studied in detail, is Arg289. From the crystal
structure, Arg289 would appear to have a dual role. First,
its side chain is stacked above that of Arg376 (at∼3.7 Å),
a key residue thought to be involved in Michaelis complex
formation and catalysis; second, it appears to take part in an
interdomain interaction by hydrogen bonding, via a water
molecule, to one of the heme propionates (5). In addition,
in the crystal structure of recombinant flavocytochromeb2,
which has a sulfite ion bound at position N5 of the FMN,
two different conformations are displayed by Arg289,
suggesting some degree of conformational flexibility (6). One
explanation for the second conformation is an electrostatic
attraction between Arg289 and the bound sulfite. As a
consequence of these structural observations, we might
expect Arg289 to influence both substrate binding and
catalysis and also possibly interdomain electron transfer.

To probe more fully the role of this residue, we have
constructed the Arg289Lys mutant form of flavocytochrome
b2 (R289K-b2). In this paper, we report a combined kinetic
and crystallographic characterization of this mutant enzyme.

MATERIALS AND METHODS

DNA Manipulation, Strains, and Growth.Site-directed
mutagenesis was performed by the Kunkel method of
nonphenotypic selection (16) using the oligonucleotide
H3100 (TTAGGTCAAAAAGAAAAAGAT) (Oswel DNA
Service). Standard methods for growth ofE. coli, plasmid
purification, DNA manipulation, and transformation were
performed as described previously (17). E. coli strain AR120
was used for expression of mutant flavocytochromeb2.

Enzyme Preparation.R289K mutant flavocytochromeb2

expressed inE. coli was isolated from cells which had been
stored at-20 or -80 °C, using a previously reported
purification procedure (3). Purified enzyme samples were
stored either under nitrogen at 4°C as precipitates from a
70% saturated (NH4)2SO4 solution (short-term storage), as
concentrated solutions at-80 °C, or as snap-frozen enzyme
drops in liquid nitrogen (long-term storage). Prior to freezing
or after thawing, the enzyme was desalted on a Sephadex
G25 gel filtration column equilibrated with 0.1 M K+/Na+

phosphate buffer and 1 mM EDTA (pH 7). This same buffer
was used throughout.

Steady-State Kinetics.Steady-state kinetic analyses were
carried out at 30°C using a Uvikon 930 spectrophotometer.
L-Lactate dehydrogenase activity was assayed using both
ferricyanide and cytochromec (horse heart, type VI, Sigma)
as electron acceptors, at the concentrations indicated in the
tables or as varying substrates. Reduction of ferricyanide was
monitored at 420 nm as described previously (18), and
reduction of cytochromec was monitored at 550 nm using
published molar extinction coefficients (19). Kinetic isotope

effects were measured usingL-[2-2H]lactate prepared and
purified as previously described (20). The purity of theL-[2-
2H]lactate was determined by1H NMR spectroscopy. For
inhibitor studies, around seven different inhibitor concentra-
tions and sevenL-lactate concentrations were used in general
for each experiment. Ferricyanide (2 mM) was the electron
acceptor used in this case.Ki values were determined from
double-reciprocal plots, except for pyruvate, for which Dixon
plots were used.

Pre-Steady-State Kinetics. Stopped-flow experiments were
carried out using an Applied Photophysics DX.17 MV
stopped-flow spectrophotometer. Analysis of kinetic data was
performed using the instrument software. FMN andb2-heme
reduction were monitored by following absorbance changes
at 438.3 and 557 nm, respectively (21).

Crystallography.Crystals of R289K-b2 were grown by the
sitting drop vapor diffusion method. A 5µL aliquot of protein
[8 mg/mL in 10 mM Tris-HCl buffer (pH 7.5),I ) 0.10]
was mixed with an equal volume of precipitant consisting
of 20 mM MES buffer [2-(N-morpholino)ethanesulfonic acid]
(pH 6.5), 50 mM sodium sulfite, and 12% PEG 4000
(polyethylene glycol). Crystals up to 0.2 mm× 0.2 mm×
0.1 mm grew in 3-5 days. If allowed to remain in the sitting
drop, the crystals lost color and became rubber-like over the
course of several days. For data collection, crystals were
flash-frozen by briefly exposing them (ca. 2 min) to an
artificial mother liquor containing the same precipitant with
25% MPD (2-methyl-2,4-pentanediol), mounting in a nylon
loop, and quickly placing them in a 100 K nitrogen gas
stream.

X-ray data were recorded from a single crystal at 100 K
on a Rigaku R-axis IV image plate detector using a
Ni-filtered, mirror-focused X-ray beam obtained from a
Rigaku RU200 X-ray generator operated at a power of 5
keV. The crystal was trigonal, in space groupP3221, with
the following unit cell parameters:a ) b ) 163.0 Å,c )
112.2 Å [about 1-1.5% smaller than native crystals assessed
at room temperature (5)] R ) â ) 90°, andγ ) 120°. Spot
integration and data scaling were carried out using HKL (22).
Thirty frames of data, each 1° wide and 4 h in duration,
yielded a data set that was 80% complete overall2 to 2.75 Å
resolution with anRmerge

3 of 0.078. The data collection
statistics are summarized in Table 1.

Structure factor calculations, rigid body and simulated
annealing refinement, and other crystallographic calculations
were carried out using X-plor (23) and CNS (24). Model
building and analysis of the structure were carried out on a
Silicon Graphics workstation using Turbo-Frodo (25).

RESULTS

The mutant enzyme was expressed and purified fromE.
coli in yields similar to those of the wild-type protein. When
the flavin content was analyzed using difference spectra in
the presence of sulfite, as described previously (26), some
preparations were found to have a flavin to heme stoichi-
ometry lower than 1, as already observed for a few active
site mutant flavocytochromesb2 (27). The specific activity,

2 After 30 frames of data collection, the crystal was lost as the result
of an instrument failure.

3 The definitions ofRmerge, R, andRfree are given in the footnotes of
Table 1.
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when expressed per flavin, was identical to that of the fully
flavinylated enzyme.

Steady-State Kinetic Parameters.Steady-state kinetic
parameters for lactate were previously determined in Tris-
HCl buffer (I ) 0.1, pH 7.5, and 25°C) (28) and were
compared with data for the wild-type enzyme determined in
the same buffer (29). Table 2 now presents values determined
in 0.1 M phosphate buffer (pH 7 and 30°C). With
ferricyanide as an acceptor, thekcat value for the mutant
enzyme is lower than the wild-type one by about an order
of magnitude, and the catalytic efficiency (kcat/KM) by about
2 orders of magnitude. The deuterium kinetic isotope effect
is similar to that of the wild-type enzyme; these results
indicate that the mutation has affected C(2)-H bond cleav-
age, the first step in the catalytic cycle, and that R289
participates in both Michaelis complex and transition-state
stabilization. The previously published values obtained in
Tris buffer (pH 7.5 and 25°C) had led to similar conclusions.

With cytochromec as an acceptor,kcat values appear
somewhat lower than the corresponding value for ferricya-
nide reduction and, as with ferricyanide, are lower by an

order of magnitude than those for cytochromec reduction
by the wild-type enzyme (Table 2). Cytochromec is reduced
only by hemeb2 (Scheme 1), whereas ferricyanide, in the
wild-type enzyme case under normal conditions, is also
reduced by the flavin semiquinone, but not by two-electron-
reduced flavin (30). TheKM

appvalue of the wild-type enzyme
for ferricyanide is very low; it has been proposed that an
increase in this value is a sign that ferricyanide takes an
electron also from the fully reduced flavin (30). This has
been verified for the isolated recombinant flavodehydroge-
nase domain (31) and for a number of mutant enzymes with
reduced rates of electron transfer from flavin to heme (see,
for example, ref29). With R289K-b2, the ferricyanideKM

app

value was 30µM in phosphate buffer, similar to that for the
wild-type enzyme (32). At this stage, therefore, the steady-
state kinetic parameters for lactate as a substrate do not give
any indication that the rate of FMNH- to heme electron
transfer has been strongly affected by the mutation.

As an example of a second substrate,L-phenyllactate was
also investigated. The results are presented in Table 3. The
kcat values of mutant and wild-type enzymes differ by a factor
of only 2; in view of their low value, it can be surmised that
flavin reduction is totally rate-determining in the catalytic
cycle with this substrate and, therefore, that theKM value is
a Kd value. Thus, the mutation has affected the binding of
phenyllactate, a poor substrate, as well as that of the
physiological substrate. Thekcat/KM value is decreased (by
about an order of magnitude), thus indicating that for this
substrate the mutation also destabilizes the transition state.

Pre-Steady-State Kinetics.Preliminary stopped-flow data
in Tris-HCl buffer have been reported in ref28. Stopped-
flow data have now been obtained in 0.1 M phosphate buffer
and 1 mM EDTA (pH 7 and 30°C). Figure 1a shows the
lactate concentration dependence of flavin and heme reduc-
tion rates; Table 4 presents the derived kinetic parameters.
Before these are discussed, a number of comments are in
order. Stopped-flow kinetic traces were generally fitted to
double-exponential functions, due to the biphasic kinetic
behavior which has been proposed to result from a slow
intersubunit electron transfer between two single-electron-
reduced subunits in the tetramer, so as to regenerate one fully
oxidized flavin per two subunits and to allow entrance of
four more reducing equivalents for complete tetramer reduc-

Table 1: Data Collection and Refinement Statistics for the R289K
Mutant of Flavocytochromeb2

data collection
resolution range (all/outer) (Å) 30.0-2.75/2.87-2.75
no. of reflections 36062
completeness (all/outer) (%) 80.8/75.2
Rmerge(all/outer) (%)a 7.8/41.6
(I)/σ(I) (all/outer)b 7.8/1.3
redundancy (all/outer) 1.7/1.3

refinement
resolution range (all/outer) (Å) 500.0-2.75 (2.88/2.75)
R (all/outer)c 20.7/29.9
Rfree (all/outer)c,d 22.1/33.8
no. of protein atoms (non-H) 3154
protein〈B〉 (Å2) 39
no. of solvent molecules 64
solvent〈B〉 (Å2) 28
rms deviation for bond

lengths (Å2)
0.012

rms deviation for bond
angles (deg)

1.6

rms deviation for dihedral
angles (deg)

24.5

rms deviation for improper
dihedral angles (deg)

1.67

a Rmerge) ΣhΣi|I(h) - Ii(h)|/ΣhΣiI i(h), whereIi(h) andI(h) are theith
and mean measurement of reflectionh, respectively.b I/σ(I) is the
average signal-to-noise ratio for merged reflection intensities.c R )
Σh|Fo - Fc|/ΣhFo, whereFo and Fc are the observed and calculated
structure factor amplitudes of reflectionh, respectively.d Rfree is the
test reflection data set, about 5% selected randomly for cross validation
during crystallographic refinement (52).

Table 2: Steady-State Kinetic Parameters forL-Lactatea

L-[2-1H]lactate L-[2-2H]lactate

ferricyanide cytochromec ferricyanide

kcat (s-1) KM (mM)
kcat/KM

(mM-1 s-1) kcat (s-1) KM (mM)
kcat/KM

(mM-1 s-1) kcat (s-1) KM (mM)
kcat/KM

(mM-1 s-1) DV

wild typeb 270( 30 0.49( 0.10 551( 174 155( 15 0.29( 0.05 534( 144 65( 22 0.50( 0.23 130( 104 4.5( 1.1
R289K 20.6( 2.0 3.2( 0.4 6.4( 1.4 16.5( 0.4 c c 4.7( 0.4 4.3( 0.4 1.1( 0.2 4.4( 0.8

a Assays were carried out in 0.1 M Na+/K+ phosphate buffer and 1 mM EDTA (pH 7 and 30°C). The ferricyanide concentration was 1 mM;
activity units are moles of substrate oxidized per second per mole of subunit.b The values for lactate and deuteriolactate are taken from refs32 and
38. c These experiments were carried out in 40 mM lactate at varying cytochromec concentrations. TheKM

app for cytochromec was 74 ((8) µM,
similar to that for the wild-type enzyme (32).

Scheme 1
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tion (20, 21). As this second phase is irrelevant to the
catalytic cycle, only the figures for the first fast phase are
presented in Table 4. With R289K-b2, however, at the lower
lactate concentrations (up to 1.5 mM), traces for flavin could
only be fitted, or better fitted, with a single-exponential
function. Furthermore, Figure 1a indicates that flavin reduc-
tion rates are generally lower than heme reduction rates,
except at the higher concentrations, where they become
similar (see also Table 4). This seems at first sight paradoxi-
cal, since flavin is the immediate heme reductant (Scheme
1). However, similar deviations from expectations (monoex-
ponential behavior and slower flavin reduction than heme
reduction) were observed previously in stopped-flow studies
with deuteriolactate (i.e., at low rates of electron entry) with

the proteolytically nicked form of the wild-type enzyme
(Morton enzyme), which is 2-2.5-fold slower than the intact
form (20). The results were rationalized in the following way
(33). At low reduction rates, flavin reduction by the substrate
undergoes competition with its reoxidation through the
intersubunit electron reshuffling mentioned above. Figure 1b
gives the ratio of heme to flavin reduction rates as a function
of substrate concentration, showing a marked increase in this
ratio at lower lactate concentrations, as described in ref20.
In that paper, however, the ratio was below 1 for most of
the rate range, indicating that heme reduction by flavin in
the wild-type enzyme is not extremely fast relative to flavin
reduction by substrate. For R289K-b2, in contrast, the ratio
reaches the value of 1 within error at saturation, indicating
that heme reduction by FMNH- is entirely limited by flavin
reduction itself. These results are the first ones, obtained with
a mutant flavocytochromeb2, which prove the correctness
of the interpretation given by Pompon et al. (20) of the
paradoxical results of the stopped-flow reduction kinetics at
low rates of electron entry. They support the contention that
the flavin reduction rate of slow mutant flavocytochromes
b2 cannot be studied using rapid kinetics (see, for example,
ref 34).

The kinetic parameters for R289K-b2 cannot be compared
directly to the values for the wild-type enzyme in the same
buffer, since these were acquired at 5°C (32) (Table 4). The
comparison with the steady-state parameters obtained at 30
°C is however illuminating, but further discussion is deferred
until later.

Inhibition Studies.A variety of different inhibitors and
substrate analogues were employed to characterize inhibition
in R289K-b2, and investigate any alteration in binding at the
active site as a result of the mutation. Inhibitors that were
used were sulfite,D-lactate,L-mandelate, oxalate, and pyru-
vate. Sulfite is known to form a rapidly reversible covalent
adduct with the flavin, by adding to the N5 position of the
oxidized prosthetic group; sulfite thus behaves as a competi-
tive inhibitor in steady-state kinetic assays (26). Table 5
shows no alteration in the sulfite dissociation constant for
R289K-b2 with respect to the wild-type enzyme.D-Lactate
and mandelate both behave as strictly competitive inhibitors
for R289K-b2 as they do for the wild-type enzyme (26, 35)
but with a somewhat decreased affinity for the mutant
enzyme (Table 5). Oxalate, on the other hand, behaves as a
mixed-type inhibitor for the wild-type enzyme (26), but as
a strictly competitive one toward R289K-b2 (Figure 2), with
a somewhat decreased affinity compared to the kinetically
and spectroscopically determined values for the wild-type
enzyme. As for pyruvate, it is known to exhibit a complex
kinetic behavior toward the wild-type enzyme; in Dixon

Table 3: Steady-State Kinetic Parameters forL-Phenyllactatea

kcat (s-1) KM (mM) kcat/KM (mM-1 s-1)

wild typeb 12.4( 0.7 0.22( 0.02 56( 6
R289K 6.0( 0.2 1.43( 0.05 4.2( 0.2

a Assays were carried out in 0.1 M Na+/K+ phosphate buffer and 1
mM EDTA (pH 7 and 30°C). The ferricyanide concentration was 2
mM. Activity units are moles of substrate oxidized per second per mole
of subunit.b Taken from ref35.

FIGURE 1: Lactate concentration dependence of flavin and heme
reduction rates: (a) flavin reduction (O) and heme reduction (0).
kobsvalues are those of the fast phase, except for flavin at low lactate
concentrations (up to 1.5 mM included), for which the traces could
only be fitted with a monoexponential equation (see the text). The
figure shows the combined data from two independent experiments.
(b) Ratio ofkobs values taken from part a as a function of lactate
concentration.

Table 4: Pre-Steady-State Kinetic Parameters of R289K-b2 Prosthetic Group Reduction

flavin reduction heme reduction

kred
F (s-1) Kd

app (mM)
kred

F/Kd
app

(mM-1 s-1) kred
H (s-1) Kd (mM)

kred
H/Kd

(mM-1 s-1)

wild typea 144 0.89 162 108 0.54 200
R289Kb 28.5( 1.4 6.7( 1.1 3.8( 0.8 27.6( 0.6 2.2( 0.2 12.5( 1.4

a Results taken from ref32. The buffer was the same as for R289K-b2, but the temperature was 5°C. b All experiments were carried out in
Na+/K+ phosphate buffer and 1 mM EDTA (pH 7 and 30°C). For flavin observation, the enzyme concentration was 10µM, and for heme observation,
it was 5µM. The kinetics were recorded for 2.2 s. Stopped-flow data were analyzed as described in Materials and Methods. Values ofk are given
in terms of the number of prosthetic groups reduced per second.kred

F andkred
H are the rate constants for the fast phases of flavin and heme reduction,

respectively.
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plots, two slopes were observed, one at low concentrations
(less than∼10 mM) corresponding to competitive inhibition
and the other one at higher concentrations (>10 mM)
corresponding to noncompetitive inhibition, withKi andKi′
values of 3 and 30 mM, respectively, while differential
spectrophotometric titration gave aKd value of 30 mM (26).
In contrast, with R289K-b2, both the double-reciprocal plot
and the Dixon plot appeared to indicate competitive inhibi-
tion, or possibly mixed inhibition (see Figure 3a for a
representative experiment). To clarify this point, a further
plot of [L-lactate]/V versus [pyruvate] was created according
to the method of Cornish-Bowden (36) (Figure 3b). In this
case, competitive inhibition is indicated by the presence of
parallel lines for each substrate concentration. Thus, for both
oxalate and pyruvate, the R289K mutation results in a
modification of the inhibition pattern to simple competitive
behavior. In addition, the inhibition by excess substrate was
tested since it can be observed for the wild-type enzyme
above about 25 mML-lactate. With ferricyanide as an
acceptor under the same experimental conditions (32),
R289K-b2 did not manifest any observable inhibition up to
130 mM substrate. These changes in inhibition patterns will
be considered in the Discussion.

Crystallography. (1) Structure Analysis and Refinement.
The flavocytochromeb2 native structure (5) was used as a
starting point for refinement and, after initial scale factor
adjustment, gaveR and Rfree

3 values of 0.373 and 0.373,
respectively, in the resolution range of 10-2.7 Å. At this
early stage of refinement using X-plor (23), strong electron
density was observed above the N5 atom of the FMN,
indicating that a sulfite ion was covalently bound to the
nitrogen atom. The structure of recombinant flavocytochrome

b2 containing sulfite bound to the FMN (6) was then
substituted for the yeast structure; Arg289 was replaced by
alanine, and initial positional refinement was carried out,
giving R andRfree values of 0.251 and 0.348, respectively.
Five rounds of simulated annealing and positional and group
temperature factor refinement for the main chain and side
chain atoms of each residue, alternated with model building,
reducedRandRfree to 0.201 and 0.281, respectively. Halfway
through this refinement, the coordinates for the cytochrome
domain of subunit 1 (up to residue 101) were omitted since
no interpretable electron density could be identified for the
domain. Residue 289 was then changed to lysine, fit to the
electron density, and water molecules were gradually intro-
duced into the model during the course of four cycles of
positional refinement,B-factor refinement, and model build-
ing.

Table 5: Inhibition of R289K and Wild-Type Flavocytochromeb2
a

inhibition Ki (mM) wild-type inhibition type Ki (mM) R289K inhibition type

sulfite (1.4( 0.5)× 10-3 competitiveb (1.9( 0.6)× 10-3 competitive
D-lactate 1.4( 0.5 competitiveb 6.7( 0.7 competitive
L-mandelate 0.26( 0.3 competitivec 1.0( 0.3 competitive
pyruvate 3 competitived 39.2( 2.9 competitive

30 noncompetitived

oxalate 0.3( 0.1 mixede 0.95( 0.25 competitive
a Assays were carried out in Na+/K+ phosphate buffer and 1 mM EDTA (pH 7 and 30°C). The ferricyanide concentration was 2 mM.b Taken

from ref 26. c Taken from ref35. d For the wild-type enzyme, pyruvate displays noncompetitive inhibition in Dixon plots at high concentrations,
but below 10 mM, inhibition is competitive (26). e The figure of 0.3 mM is obtained from secondary plots of slope values taken from Figure 4 of
ref 26. Difference spectral titrations reported in the same paper gave aKd of 0.5 mM for the oxidized enzyme-oxalate complex.

FIGURE 2: Double-reciprocal plot for oxalate inhibition of R289K-
b2. The oxalate concentrations are 0 (0), 0.5 (O), 1 (4), 3 (3), 5
(]), and 10 mM (+). Experiments were carried out at 30°C in 0.1
M phosphate buffer (pH 7) in the presence of 2 mM ferricyanide.

FIGURE 3: Pyruvate inhibition of R289K-b2. (a) Double-reciprocal
plot. The pyruvate concentrations are 0 (0), 0.5 (O), 2 (4), 5 (3),
10 (]), 25 (+), and 50 mM (×). For experimental conditions, see
the legend of Figure 2. (b) Cornish-Bowden plot. The data are
taken from panel a. Lactate concentration are 1 (0), 1.4 (O), 2
(4), 6 (3), 10 (]), and 30 mM (+).
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At this point, strict noncrystallographic symmetry (NCS)
constraints were introduced, reducing the number of refinable
parameters to those of just one flavin-binding domain, and
further refinement was carried out using CNS (24). This was
done because of the relatively incomplete data coverage and
limited resolution of the data collection. The final model
consists of 388 residues in each subunit (residues 99-297
and 320-511),4 one molecule each of FMN and sulfite, and
64 water molecules. The finalRandRfree are 0.209 and 0.227,
respectively, for 28 365 reflections withF > σ(F) in the
resolution range of 100.0-2.75 Å; the root-mean-square
(rms) deviations for bond lengths and angles from ideal
values are 0.012 Å and 1.65°, respectively. The refinement
statistics are summarized in Table 1. Analysis of the
Ramachandran plot using PROCHECK (37) shows that 339
non-glycine and non-proline residues (99.4%) are in the most
favored and additionally allowed regions and two residues
are in disallowed regions.

(2) Structure of the R289K Mutant FlaVocytochrome b2.
The most notable feature of R289K-b2 is the clear presence
of the lysine side chain at position 289 (Figure 4). Its
orientation is well-defined and differs from that of the
arginine side chain that it replaces in the native yeast and
recombinant wild-type forms of the enzyme (see below). A
second important feature of the R289K-b2 structure is the
absence of the cytochrome domain in both subunits. The first
residue in either subunit that could be fitted to the density
was Thr102. In the native yeast structure (5), the cytochrome
domain (residues 1-99) is absent in subunit 2, but present
in subunit 1, although less well ordered than the flavin-
binding domain and having generally higher temperature
factors. The absence of the ordered cytochrome domain was
first detected by its very highB-factors (averageB ) 88 vs
25 Å2 for the flavin-binding domain) during initial refine-
ment, and the lack of interpretable electron density even at
the heme. Further evidence of cytochrome disorder in both
domains comes from the behavior of Phe325. In the native
yeast and recombinant sulfite-bound structures (5, 6), Phe325

protrudes into solution in subunit 2 and is poorly ordered
with B-factors of 60-80 Å2. In subunit 1 of these structures,
the side chain is tucked onto the surface of the flavin-binding
domain and has lowB-factors (25-35 Å2). If the orientation
of Phe325 in subunit 1 were the same as in subunit 2, it
would clash with Pro44 of the ordered cytochrome; thus,
one effect of having the ordered cytochrome present in
subunit 1 is to fix the orientation of Phe325 at the protein
surface. In R289K-b2 (before strict NCS constraints were
introduced), Phe325 was found to protrude into solution in
both subunits and had relatively high groupB-factors, which
was consistent with cytochrome disorder in both subunits.

For analysis of R289K-b2, the best model for comparison
is the recombinant sulfite adduct structure determined at 2.6
Å resolution (6). This is because sulfite is bound to the flavin
N5 atom in both structures and is likely to have similar
perturbing effects resulting from its negative charge and
hydrogen-bonding propensity. In addition, both constructs
lack the first five residues at the N-terminus of the native
yeast protein, due to the makeup of the DNA used for
expression (3), and both recombinant forms were crystallized
from PEG rather than MPD. Except for the lysine substitution
and the absence of both cytochrome domains in the R289K
mutant protein, its structure is generally quite similar to that
of the wild-type recombinant protein. The rms difference in
C positions between them is 0.35, and there are no deviations
greater than 1.0.

(3) ActiVe Site. Four residues in the active site of
flavocytochromeb2, shown to be important for catalysis, are
hydrogen-bonded to the sulfite ion in the recombinant
enzyme structure (6). These are Tyr143, Tyr254, His373,
and Arg376 (Figure 5a). The side chains of Tyr143 and
Arg376 bind to the carboxylate of pyruvate (the product and
substrate of the reverse reaction, respectively). Tyr254 is
believed to form a hydrogen bond to theR-hydroxyl group
of the substrate to stabilize the transition state (38), and
His373 is the active site base during catalysis, assuming a
carbanion mechanism (39). In R289K-b2, these side chains
are essentially in the same configuration as in the recombi-
nant sulfite-bound structure, and all of the hydrogen bonds
to sulfite are maintained. In the native yeast flavocytochrome

4 The polypeptide segment from positions 298-320 is largely
disordered in the native yeast structure of flavocytochromeb2 (5).

FIGURE 4: Stereodiagram of the electron density map of the R289K mutant of flavocytochromeb2. The map was computed using Fourier
coefficients (2Fo - Fc), whereFo andFc are the observed and calculated structure factors, respectively, the latter based on the final model.
The density only for residues Leu286-Lys289 and Arg376 and Gln377 is shown. The contour level is 1.25σ, whereσ is the rms electron
density. This diagram was generated using TURBO-FRODO (25).
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b2 structure, where water or pyruvate is bound at the active
site, His373 is in the same position as in the sulfite-containing
structures. Conversely, Tyr143 and Tyr254 are each rotated
away from their positions in the recombinant enzyme-sulfite
adduct structures, differing in the positions of their hydroxyls
on average by about 1.4 and 1.1 Å, respectively.

In R289K-b2, the side chain of Lys289 is directed toward
the active site (Figure 5). It is surrounded by four oxygen
atoms, the peptide carbonyls of Gly287 (3.4 Å) and Arg376
(3.9 Å), the side chain carbonyl of Gln377 (3.7 Å), and a
sulfite oxygen (4.6 Å). In the native yeast flavocytochrome
b2, Arg289 points away from the active site and forms a salt
bridge with Asp292. In the recombinant sulfite-bound
enzyme structure, Arg289 is discretely disordered. In half
the molecules, it is oriented like it is in the yeast enzyme
structure, but in the other half, it is directed toward the active
site and forms a hydrogen bond to one of the oxygen atoms
of the sulfite anion (6).5

DISCUSSION

As mentioned in the introductory section, the elucidation
of the crystal structure of the recombinant flavocytochrome
b2-sulfite complex suggested a possible role for Arg289 in
catalysis of lactate dehydrogenation. Interestingly, the effects

of the minimal mutation of Arg to Lys, which have been
probed both in solution and in the crystal, clearly indicate
that, indeed, Arg289 has to be added to the list of catalytic
residues.

In the crystal, Lys289 adopts a conformation roughly
similar to the second conformation of Arg289 in the sulfite
complex crystal structure (6),5 namely, pointing toward the
active site and displacing the same water molecule; however,
as its side chain is shorter than that of an arginine, it does
not interact directly with the sulfite anion, but appears to be
close enough to exert an electrostatic influence. Superposition
of the native yeast and R289K mutant enzyme structures
(Figure 5b) indicates that the lysine NZ is about 3.9 Å from
the pyruvate carboxylate; a similar superposition with lactate
modeled into the native enzyme active site (40) gives the
same indication, and with a slight movement of the lysine
side chain, formation of a hydrogen bond to the substrate
appears to be a reasonable possibility. Steady-state kinetics
results, however, indicate that the energy of the Michaelis
complex and that of the transition state are affected, the
former by about 1 kcal/mol and the latter by 2.6 kcal/mol
(Table 2). The stopped-flow results cannot be analyzed as
precisely, considering that the values for the wild-type
enzyme with the same buffer were obtained at 5°C. The
rationale for this situation is as follows. On one hand, the
wild-type enzyme is too fast in phosphate buffer for stopped-
flow studies at 30°C. On the other hand, the mutant enzyme
would be even slower at 5°C than at 30°C, and we feared

5 The coordinates for the alternative conformation of the Arg289
side chain in the recombinant sulfite structure are available neither from
the Protein Data Bank nor from the authors.

FIGURE 5: Stereoview of the active site residues (Tyr143, Tyr254, His373, and Arg376 and FMN) surrounding Arg/Lys289 in the R289K
mutant, the recombinant wild-type sulfite adduct, and the native yeast flavocytochromeb2. (a) R289K mutant (red) and recombinant sulfite
adduct (blue). The sulfite adduct of FMN for both proteins is also shown. A water molecule in the wild-type recombinant enzyme structure
displaced by the lysine side chain is shown in blue. (b) R289K mutant (red) and native yeast structure (green). The position of pyruvate,
bound to the active site of subunit 2 of the native yeast enzyme structure, is also shown in green. The water molecule in the latter structure
displaced by the lysine side chain is shown in green (see the text). This diagram was generated using TURBO-FRODO (25).
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more serious complications than at 30°C, due to the
intersubunit electron reshuffling mentioned above. Stopped-
flow values were determined before for the wild-type enzyme
in Tris-HCl buffer (pH 7.5 and 25°C) (29), but it appears
to be preferable to compare data obtained under the same
buffer conditions, with temperature as the only variable. It
is classically assumed that a 10°C increase in temperature
induces a 2-fold increase in rate constants; if there is no
significant affinity change with temperature, the comparison
in Table 4 of the 30°C kred

F/Kd value (R289K-b2) with the
wild-type enzyme value at 5°C yields a minimum estimate
of 2.5-3 kcal/mol for the difference in transition-state energy
for flavin reduction between wild-type and mutant enzymes.
A similar comparison cannot be carried out for binding
constants; indeed, as detailed in the Results, the flavin
reduction traces reflect not only flavin reduction by the
substrate but also a competition between reduction by the
substrate and flavin reoxidation by intersubunit electron
transfer; under these conditions, the significance of theKd

app

is in doubt. But the lactateKM values derived from steady-
state studies and theKd value from stopped-flow analysis of
heme reduction, which are similar, must be a good ap-
proximation of theKd value, considering that flavin reduction
is entirely limiting for heme reduction. Both parameters
indicate a decrease in the level of Michaelis complex
stabilization by at most 1 kcal/mol. Thus, all the kinetic data
coincide in pointing to a stronger perturbation for the
transition state in the mutant enzyme than for the Michaelis
complex.

The crystal structure does not give a clear rationale for
these changes. One could possibly invoke a difference in
the electrostatic stabilization afforded by the localized charge
of a lysine and the more diffuse one of the guanido group.
In any case, the difference is felt more strongly on the
transition state, for which the formation of the putative
carbanionic intermediate requires a strong stabilization of
the carboxylate negative charge so as to lower the pKa of
the CR-H bond. It can therefore be proposed that Arg289
acts as an electrophilic center in conjunction with Arg376.
In this respect, it is interesting to compare the effect of the
R289K mutation to that of the Tyr143Phe mutation. The
steady-state parameters for the Tyr143Phe mutant enzyme
obtained with ferricyanide as an acceptor indicate that the
loss of the hydroxyl group destabilizes both the Michaelis
complex and the transition state by 1 kcal/mol in Tris buffer
(29) and by 0.5-0.6 kcal/mol in phosphate buffer (32).
Stopped-flow studies suggest an effect essentially on sub-
strate binding. In other words, whereas both side chains take
part in Michaelis complex stabilization, the integrity of the
Arg289 side chain appears to be more important in catalysis
than that of Tyr143.

Finally, the possibility that the proximity of the Lys289
positive charge to His373 may decrease the basicity of the
latter cannot be excluded. It does not appear, however, that
this could represent an important effect, since Arg289 in its
alternative conformation would be expected to exert a similar
effect. This idea could be tested by determining the pKa of
His373 using hydrogen exchange measurements during
transhydrogenation reactions, as has been done for the wild-
type enzyme and several mutant ones (34, 41, 42).

The consequence of the mutation with respect to phenyl-
lactate dehydrogenation is less striking than for lactate (Table

3). For this poor substrate, it appears that the transition state
is only slightly more destabilized than the Michaelis complex
(1.5 vs 1.1 kcal/mol). We have similarly observed less
deleterious effects on catalysis of phenyllactate oxidation than
on lactate oxidation for some active site mutations at other
positions (35).

Of the series of inhibitors tested, sulfite is the only one
for which no affinity change is observed compared to the
wild-type enzyme. This suggests that the inherent affinity
of the sulfite ion for oxidized flavin, combined with its
additional stabilization by hydrogen bonds and electrostatic
interactions with Tyr143, Tyr254, HisH+373, and Arg376
(6, 43; see also Figure 5), overpowers any effects of the
R289K mutation.D-Lactate andL-mandelate behave as pure
competitive inhibitors for R289K-b2, as they do for the wild-
type enzyme. TheirKi values are somewhat higher, amount-
ing to a loss in binding energy of 0.8-0.9 kcal/mol,
corresponding essentially to the same destabilization as that
of the Michaelis complex for lactate and phenyllactate.

The behavior of pyruvate and oxalate and the loss of
inhibition by excess substrate are more unexpected. The
complex behavior exhibited by pyruvate with respect to the
wild-type enzyme (see the Results) can most probably be
ascribed to the binding of this ligand to the E‚FMN• state
(44, 45). Similarly, inhibition by excess substrate originates
from lactate having a weak affinity for the E‚FMN• state
(32). As for oxalate, the origin of the mixed inhibition it
exerts on the wild-type enzyme has never been studied in
detail, but it probably also arises from its binding to the E‚
FMN• state, and possibly to the E‚FMN- state as well, as
discussed previously (34). Therefore, the facts that the
inhibition by excess substrate is not observed and that
pyruvate and oxalate are strict competitive inhibitors with
respect to the mutant enzyme all suggest that these three
compounds have lost affinity for the R289K-b2 E‚FMN• state.
Thus, the unexpected conclusion is that R289 also contributes
to ligand binding at the active site when the flavin is in the
semiquinone state, and that K289 cannot replace it, at least
not efficiently. Finally, theKd values that were determined
spectrophotometrically for pyruvate and oxalate binding to
the wild-type enzyme oxidized state are somewhat smaller
than the competitiveKi values obtained for the mutant
enzyme (Table 5), again indicating a role of the R289
guanido group in the binding of ligands to the oxidized
enzyme.

With respect to steps of the catalytic cycle beyond flavin
reduction, as discussed above, it appears probable that the
first of these, namely, electron transfer from FMNH- to
oxidized hemeb2 (Scheme 1,2 to 3), has not been altered
by the mutation. Indeed, the heme reduction rate is entirely
limited by flavin reduction, and the ferricyanideKM value
indicates that the external oxidant cannot compete with heme
b2 for electrons from FMNH- any more than in the wild-
type enzyme. But the second intramolecular step, namely,
electron transfer from FMN• to oxidized hemeb2, may have
been altered by the mutation. Indeed, thekred values for heme
and flavin reduction, about 28 s-1 (Table 4), are clearly
higher than steady-state values for both ferricyanide and
cytochrome c reduction (Table 2). In the presence of
acceptors, the catalytic cycle comprises steps not observed
in the stopped flow: with cytochromec, for example, a one-
electron transfer from FMN• to hemeb2 (Scheme 1,4 to 5)
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and two steps of electron transfer from reduced hemeb2 to
oxidized hemec (3 to 4 and 5 to 1). Assuming that the
transfer steps to cytochromec remain as rapid in the mutant
enzyme as they are in the wild-type one (45), the somewhat
limiting step in the steady state for R289K-b2 can be
identified as the electron transfer from FMN• to hemeb2

(Scheme 1,4 to 5). No estimate of this rate is available for
the wild-type enzyme at the same temperature in phosphate
buffer. It was determined to be 120 s-1, at 25°C in Tris-
HCl buffer (pH 7.5) (46). Also, T-jump experiments in
phosphate buffer suggested a value of 200 s-1 at 16°C (47).
Using this latter value and assuming that it would be at least
doubled at 30°C, one would expect steady-state and stopped-
flow rates to be identical within error. The previously
published data obtained in Tris-HCl buffer with R289K-b2

(28), combined with the value of 120 s-1 quoted above (46),
point to a similar conclusion. It would thus appear that the
mutation might well have affected the second electron
transfer step between flavin and heme, possibly through a
redox potential modification.

The total absence of the heme domain in the R289K-b2

crystal structure was unexpected. One explanation is that the
weak water-mediated hydrogen bond between Arg289 and
the heme propionate (5) does contribute to the stabilization
of the domain in the crystalline state. Such stabilization
would not appear to affect the interdomain electron transfer
properties of the mutant in solution since the flavin to heme
electron transfer rate is limited by the rate of flavin reduction
by substrate. Other explanations include the limited resolution
of the X-ray data and the generally high degree of thermal
motion observed for other mutants of flavocytochromeb2.

In conclusion, R289 is now identified as an additional
active site residue in flavocytochromeb2. It interacts with
the substrate both in the ground state and in the transition
state. It must play the role of an electrophilic center together
with the previously identified R376; indeed, neutralization
of the carboxylate negative charge must be particularly
important, in view of the proposed carbanionic character of
the transition state. R289 is strictly conserved in more than
a dozen amino acid sequences of members of the family of
R-hydroxy acid oxidizing enzymes. Its possible role in
catalysis started being suspected when its alternative con-
formation was detected in the crystal structure of the
recombinant flavocytochromeb2-sulfite adduct (6). Re-
cently, the crystal structure of glycolate oxidase in complex
with several inhibitors showed a direct interaction between
Arg164 (the homologue of flavocytochromeb2 Arg289) and
these compounds (48); this interaction would not have been
predicted from the free enzyme crystal structure (49), where
the Arg164 side chain stacks against Arg257 (the homologue
of flavocytochromeb2 R376) and forms an electrostatic
interaction with invariant Asp167, as found originally for
R289 in the native yeast enzyme structure (5). Furthermore,
Arg187 of L-lactate monooxygenase, also a homologue of
Arg289 in flavocytochromeb2, has recently been mu-
tagenized to Met and shown to be important for substrate
binding and catalysis (50). It thus seems probable that this
invariant residue plays a catalytic role in all family members.
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