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ABSTRACT. Flavocytochromd, from Saccharomyces cerisiaeis aL-lactate/cytochrome oxidoreductase
belonging to a large family of 2-hydroxyacid-dependent flavoenzymes. The crystal structure of the enzyme,
with pyruvate bound at the active site, has been determined [Xia, Z.-X., and Mathews, F. S.J1990)
Mol. Biol. 212 837—863]. The authors indicate that the methyl group of pyruvate is in close contact with
Ala198 and Leu230. These two residues are not well-conserved throughout the fangjy2elfiydroxy

acid oxidases/dehydrogenases. Thus, to probe substrate specificity in flavocytothrdnese residues

have been substituted by glycine and alanine, respectively. Kinetic studies on the L230A mutant enzyme
and the A198G/L230A double mutant enzyme indicate a change in substrate selectivity for the enzyme
toward larger §-2-hydroxy acids. In particular, the L230A enzyme is more efficient at utilizi§g2¢
hydroxyoctanoate by a factor of 40 as compared to the wild-type enzyme [Daff, S., Manson, F. D. C.,
Reid, G. A., and Chapman, S. K. (199B)ochem. J. 301829-834], and the A198G/L230A double
mutant enzyme is 6-fold more efficient with the aromatic substrateandelate than it is with-lactate
[Sinclair, R., Reid, G. A., and Chapman, S. K. (1988)chem. J. 333117-120]. To complement these
solution studies, we have solved the structure of the A198G/L230A enzyme in complex with pyruvate
and as the FMN-sulfite adduct (both to 2.7 A resolution). We have also obtained the structure of the
L230A mutant enzyme in complex with phenylglyoxylate (the product of mandelate oxidation) to 3.0 A
resolution. These structures reveal the increased active-site volume available for binding larger substrates,
while also confirming that the integrity of the interactions important for catalysis is maintained. In addition
to this, the mode of binding of the bulky phenylglyoxylate at the active site is in accordance with the
operation of a hydride transfer mechanism for substrate oxidation/flavin reduction in flavocytodbyome
whereas a mechanism involving the formation of a carbanion intermediate would appear to be sterically
prohibited.

Flavocytochromén, from Saccharomyces cersiaeis a two crystallographically distinguishable subunits, one in
homotetrameric-lactate dehydrogenase of subunit molecular which the heme domain is ordered (subunit A), and one in
weight 57.5 kDa. Each subunit consists of two distinct which the heme domain is disordered but pyruvate (the
domains: a small (100 residue) N-terminal cytochrome product of lactate dehydrogenation) is bound at the active
domain containing protoheme 1X and a large (411 residue) site (subunit B). This visualization of pyruvate at the active
C-terminal domain containing flavin mononucleotide (FMN). site of the enzyme enabled the identification of residues
Substrate dehydrogenation occurs at the FMN, which is thenimportant for substrate binding. Of these, Tyr143 and Arg376
reoxidized by stepwise transfer of electrons, vialihleeme, are involved in binding the substrate carboxylate, while
to cytochromee. The structure of the native enzyme has been His373 and Tyr254 form hydrogen-bonding interactions with
solved to 2.4 A resolution1j and reveals the existence of the a-keto oxygen of pyruvate. The pyruvate methyl group

is in van der Waals contact with the side chains of Ala198
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enzyme displayed increased selectivity (in term&.efnm) days, large hexagonal crystals of up to 3.5 x 1 mm

for 2-hydroxyoctanoate over-lactate by a factor of 40. were formed. Because of the presence of glycerol in the
Similarly, these mutant enzymes displayed an increasedmother liquor, crystals were mounted in nylon loops and
selectivity for the bulky aromatic substratemandelate, with  flash-cooled in liquid nitrogen without the need for prior
the A198G/L230A double mutant enzyme having a 6-fold cryoprotectant soaking. For the L230A mutant enzyme in
greater catalytic efficiency with.-mandelate than with  the presence of phenylglyoxylate, a data set was collected
L-lactate 8). to 3.0 A resolution at SRS Daresbury (station 14.2; 0.975

Flavocytochromeb, is a member of a large family of ~A). For the A198G/L230A enzyme in the presence of
flavin-dependent oxidases and dehydrogenases that includegyruvate, a data set was collected to 2.7 A resolution at
glycolate oxidase from spinaci)( p-amino acid oxidase =~ ESRF-Grenoble (beamline ID14-EH2;= 0.934 A), and
(5), and L-mandelate dehydrogenases frdRihodotorula for the same mutant enzyme in the presence of sulfite, a
graminis(6) andPseudomonas putid®). It is believed that data set was collected to 2.7 A resolution at SRS Daresbury
members of this family of enzymes all carry out substrate (Station 9.6;2 = 0.87 A). All data were collected using
oxidation/flavin reduction via the same catalytic mechanism. ADSC Quantum 4 detectors. In all cases, crystals were found
However, there is conflicting evidence as to the nature of to belong to space group3;21. The L230A crystal was
this process, and consequently, the precise mechanism ofound to have cell dimensiorss= b = 163.027 A anc: =
L-lactate oxidation in flavocytochromt® has been a matter  112.473 A, the A198G/L230A with pyruvate had cell
of much discussion, with two alternatives proposed. Both dimensionsa=b = 163.413 A anct = 112.425 A, and the
mechanisms have been reviewed previougly9j. One of ~ A198G/L230A with sulfite had cell dimensiors = b =
these includes the formation of a carbanion intermediate by 163.966 A anct = 112.508 A. Data processing was carried
the deprotonation of the lactate-carbon by His373, the  out using the HKL packagel®). For the A198G/L230A
active site basel(). The other route involves the deproto- enzyme in the presence of pyruvate and the L230A enzyme
nation of the lactatex-hydroxy group and transfer of the in the presence of phenylglyoxylate, the initial model for
a-hydrogen to FMN as a hydride. The evidence for each of molecular replacement was the wild-type flavocytochrome
these possible mechanisms will be discussed in more detailb structure (1FCB; ret), stripped of water. In the case of
later. the A198G/L230A enzyme in the presence of sulfite, the

In an attempt to complement kinetic data obtained for the Wild-type sulfite adduct structure (1LTD; rédf3) was used

L230A and A198G/L230A mutant enzymes and to charac- @S the molecular replacement model. Electron density fitting
terize the mode of substrate binding in these enzymes, we'Vas carried out using the program TURBO-FRODIZ)(
have obtained the crystal structure of the L230A enzyme in Structure refinement was carried using Refmaty).(The

the presence of phenylglyoxylate (the product of mandelate atomic coo_rdinates have been_deposited in the Protein Data
oxidation) and the structures of the A198G/L230A enzyme Bank, entries 1SZE (L230A with phenylglyoxylate), 1SZF
in the presence of pyruvate and sulfite. In this paper, we (A198G/L230A with pyruvate), and 1SZG (A198G/L230A

describe these structures with reference to the alteredWith sulfite).
substrate selectivity of these mutant enzymes and thergsyrTs

relevance of the results to the mechanistic controversy.
In the case of the L230A mutant enzyme, a data set to 3.0

MATERIALS AND METHODS A resolution was used to refine the structure to a final
RAactor of 20.02% Ryee = 24.92%) (Table 1). The final
Both A198G/L230A and L230A mutant flavocytochromes model consists of two protein molecules, subunit A and
b, were constructed, expressed, and produced as previouslysubunit B. Unlike the structure of the wild-type enzyme, in
described by Daff et al.2). Mutant enzymes were isolated  which one subunit has an ordered heme domain, the structure
according to the purification procedure reported elsewhere of the L230A mutant enzyme shows no interpretable density
(12). for the heme domain in either subunit, so these have been
Crystallization and RefinemenCrystallization of both omitted from the model. Both subunits therefore consist of
mutant flavocytochromes, was carried out by hanging drop  the flavodehydrogenase domain alone, each comprising
vapor diffusion in an air atmosphere at 2Q in Linbro residues Gly100 to Ala511, one FMN molecule, and one
plates. In the case of the L230A mutant enzyme, crystals phenylglyoxylate molecule bound at the active site (Figure
were obtained with a well solution comprising 100 mM 1). In both subunits, there is a region of disordered polypep-
sodium citrate buffer (pH 4:24.6), 200 mM NaBr, 12 tide not observed in the density map, spanning residues
15% PEG 3350, 1820% glycerol, and 50 mM phenylgly-  Ser298 to Gly317 in subunit A and Ser298 to Arg320 in
oxylate. For the A198G/L230A protein in the presence of subunit B, as found in other structures of this and similar
pyruvate, crystals were obtained with a well solution enzymes. The substitution of the Leu230 side chain by
comprising 100 mM sodium citrate buffer (pH 4.4.6), 200 alanine is clearly observed in the electron density map. In
mM NaBr, 12-15% PEG 3350, 1820% glycerol, and 50  addition, the model contains 124 water molecules. For the
mM pyruvate, and for the same mutant enzyme in the A198G/L230A mutant enzyme with pyruvate or sulfite
presence of sulfite, crystals were obtained with a well bound, data sets to 2.7 A resolution were used to refine the
solution comprising 100 mM MES buffer (pH 5%.5), 12- structures to finaR-factors of 21.98%Rsce = 25.33%) and
15% PEG 4000, 1821% glycerol, and 50 mM sodium  22.28% Riee = 26.57%), respectively (Table 1). As with
sulfite. In all cases, hanging drops f4 volume) were the L230A mutant structure, both models consist of two
prepared by adding 2L of 15 mg/mL protein (in 10 mM flavodehydrogenase domains as described previously (except
TrisHCI pH 7.5,1 0.1) to 2uL of well solution. After 1-3 that in the sulfite-bound structure molecule B begins with
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Table 1: Data Collection and Refinement Statistics

L230A + phenylglyoxylate ~ A198G/L230A- pyruvate A198G/L230At sulfite
resolution (A) 24.6-3.0 24.0-2.7 24.6-2.7
total no. of reflections 115354 497477 495303
no. of unique reflections 31503 47555 43777
completeness (%) 90.5 99.6 91.0
1[o(1)] 7.9 14.8 11.4
I/[o(1)] in outer shell (2.86-2.70 A) (%) (3.113.00 A*) 1.7* 4.8 2.7
Rmerge(%0)2 7.2 7.1 11.9
Rmergein Outer shell (2.86-2.70 A) (%) (3.113.00 A%) 32.6* 20.2 60.3
Reryst (%0)° 20.02 21.98 22.28
Reree (%0)° 24.92 25.33 26.57
rmsd from ideal values
bond lengths (A) 0.017 0.011 0.012
bond angles (deg) 1.9 1.6 1.6
Ramachandran analysis
most favored (%) 84.3 89.4 88.9
additionally allowed (%) 15.3 9.9 10.5

2 Rmerge = Zhi[l(h) — 1i(h)[/=:Zil(h), wherel (h) and I(h) are theith and mean measurement of reflectimnrespectively® Reyst = =h|Fo —
F|/ZnFo, whereF, andF. are the observed and calculated structure factor amplitudes of refléctiespectivelyRiee is the test reflection data set,
5% selected randomly for cross validation during crystallographic refinement.

Thr102), with either pyruvate or sulfite bound (Figure 1).
Sulfite is bound as an N5-sulfo-FMN adduct as found
previously with structures of wild-type and R289K mutant
flavocytochromesy, (13, 16). In both models, the A198G/

In the pyruvate-bound structure of the A198G/L230A
double mutant enzyme, the product molecule is found to be
in the same position as is seen in the structure of the wild-
type enzyme (Figure 2), with the same electrostatic and

L230A substitutions are clearly seen in the electron density hydrogen-bonding interactions as described previously for

map. The disordered region of polypeptide in the model

phenylglyoxylate. In this case, thecarbon of pyruvate is

containing pyruvate comprises residues Thr300 to GIn316 found to be 3.7 A from N5 of FMN at an angle of 122

in subunit A and Ser298 to Arg320 in subunit B. In the model
containing sulfite, residues Lys301 to Arg320 in subunit A
and Thr300 to Leu322 in subunit B are disordered and

from the plane of the flavin ring system. In the structure of
the A198G/L230A enzyme with sulfite bound to N5 of FMN,
sulfite interacts with active site residues in the same way as

therefore absent from the model. In the case of the structureiS observed in the structure of the wild-type enzyriig)(
of the pyruvate-bound enzyme, there are 131 water molecule§orming hydrogen bonds with His373 (3.1 A), Arg376 (3.0

in the model and in the sulfite-bound enzyme, 170 waters.
In all structures, both subunits are essentially identical, with
rmsd fits for all backbone atoms of subunits A and B being
0.3 A for the A198G/L230A enzyme with pyruvate bound

and 0.4 A for the other two structures. For all three structures,

rmsd fits of all backbone atoms with the corresponding
regions in the wild-type enzyme structures yield values of
between 0.4 and 0.6 A, indicating no significant global
structural changes as a result of the substitutions.

In the structure of the L230A flavocytochronie with
phenylglyoxylate bound at the active site, it can be clearly

A), Tyr143 (2.6 A), and Tyr254 (2.7 A) (Figure 2).

DISCUSSION

From the crystal structure of flavocytochrone with
pyruvate bound at the active site, it can be seen that Ala198
and Leu230 are both in close contact with the pyruvate C2
methyl group {). Consequently, it has been proposed that
these residues are involved in conferring the enzyme’s
specificity for L-lactate. This idea is supported by the fact
that in L-mandelate dehydrogenase, which utilizes a bulky
aromatic substrate, the equivalent residues are glycine and
alanine. In addition, glycolate oxidase, which operates on a

seen that the product molecule is bound in the same g psirate with hydrogen as the C2 substituent, has alanine
orientation as is observed for pyruvate in the wild-type gnq tryptophan as the residues equivalent to Ala198 and
enzyme (Figure 2), held at the carboxylate end by an | e;230 in flavocytochromé,. An alignment of the amino
electrostatic interaction with Arg376 and a hydrogen bond 4¢id sequence in the region around these residues in the three
to Tyr143 (2.7 A; distances quoted are the mean dlstancesenzymes is shown in Figure 3. In this way, each enzyme
over both molecules A and B of the appropriate structure), has evolved with the optimal active site volume for its
and thea-keto oxygen forming hydrogen bonds with His373  fayored substrate. To investigate substrate specificity in

(2.8 A), the active site base, and Tyr254 (2.8 A). The phenyl
group of phenylglyoxylate is located adjacent to the Ala230
methyl group, oriented slightly away from the plane of the
FMN isoalloxazine ring system, in a position that would be
sterically prohibited in the wild-type enzyme due to the
proximity of the Leu230 side chain (Figure 2). Thecarbon

of the bound product is found to be 3.3 A from N5 of FMN
at an angle of approximately 113rom the plane of the
isoalloxazine moiety, in the appropriate orientation for
hydride transfer to N5 following deprotonation of the
o-hydroxyl group by His373.

flavocytochromeby,, the L230A single and A198G/L230A
double mutant forms of the enzyme were constructed and
kinetically characterized with a range &){2-hydroxy acids.
The results of these studies have been reported previously
by Daff et al. ) and Sinclair et al.3) and are summarized

in Table 2. It can be seen from Table 2 that substitution of
Leu230 enables more efficient utilization of larger substrates
such as H-2-hydroxyoctanoate andmandelate. As a result,

it was proposed that Leu230 is an important residue for
L-lactate selectivity in flavocytochromig, its substitution

by alanine allowing more efficient binding of more sterically
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Ficure 1: Stereoview of the electron density covering the FMN, the active site ligand, and the residues at position 198 and 230 in each
structure. Panel a shows pyruvate bound at the active site of the A198G/L230A enzyme, panel b shows phenylglyoxylate bound at the
active site of the L230A enzyme, and panel ¢ shows the sulfite adduct of FMN in the A198G/L230A enzyme. The electron density maps
were calculated using Fourier coefficients,2— F., whereF, andF; are the observed and calculated structure factors, respectively, the
latter based on the final model. The contour leveldas\Whereo is the rms electron density. This figure was generated using BOBSCRIPT

(28) and RASTER 3D 29).

bulky substrates. Indeed, the L230A mutant enzyme displaysb, with L-mandelate as substrate is very low but is increased
a 40-fold swing in selectivity (in terms d&../Kn) for (S)- 5-fold by the introduction of the L230A mutation, while
2-hydroxyoctanoate overlactate. The role of Alal98 isless additional substitution of Alal98 by glycine results in a
clear, but the effect of its substitution by glycine is a general double mutant enzyme withlg, for mandelate that is 400-
increase irky (relative to the L230A single mutant) for all  fold greater than the wild-type enzyme. In fact, the A198G/
substrates tested. Tkg;value of wild-type flavocytochrome  L230A enzyme is 6-fold more efficient withrmandelate as
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N5-sulfo-FMN N5-sulfo-FMN

Ficure 2: (a) Stereoview of the overlaid active sites of wild-type flavocytochrdmwith pyruvate bound (atom type color), A198G/
L230A enzyme with pyruvate bound (green), and L230A enzyme with phenylglyoxylate bound (magenta). (b) Stereoview of the overlaid
active sites of wild-type flavocytochront® with sulfite bound to FMN (atom type color) and A198G/L230A enzyme with sulfite bound
(orange). This figure was generated using BOBSCRIBg &nd RASTER 3D 29).

138

)

g, cerevisiae b2 LVDVREVDIS TDMLGSHVDV PFYVSATALC KLGNPLEGEK DVARGCGQGV 220
Zpinach GOx LIDVTNIDMT TTILGFKIZM PIMIAPTAMQ KMAHP-EGEY ATARAASAL- 95
P. putida L-MDH LVDVSRRSLO AEVLGKRQSM PLLIGPTGLN GALWP-KGDL ALARARATER- 27

230

1
5. cerevisiae b2 TEVPOMISTL ASCSPEEIIE AAPSDEQIOW YQLYVNSDRE ITDDLVENVE 270
Spinach GOx -GTIMTLSSW ATSSVEEVAS TGP-G--IRF FQLYVYKDRN VVAQLVRRAE 145
P. putida L-MDH -GIPFVLSTA SNMSIEDLAR QC-DGD--LW FQLYVIH-RE IAQGMVLEKAL 146

Ficure 3: Alignment of the amino acid sequences of flavocytochromepinach glycolate oxidase, aRdeudomonas putidamandelate
dehydrogenase for the region surrounding Alal198 and Leu230 of flavocytochypoméa198 and Leu230 are shown in red, along with
their equivalents in the other sequences.

substrate than with-lactate (as indicated by./Ky values). enzyme structures. It can be seen from Table 2 that for longer
To further probe the role of these two residues in substratechain aliphatic substrates such &-2-hydroxyoctanoate,
binding and catalysis, we have crystallized the A198G/ the effect of the substitutions of Leu230 and Ala198 is more
L230A double mutant enzyme in the presence of pyruvate of a shift in activity away from -lactate rather than toward
(the product of_-lactate oxidation) and sulfite (an inhibitor longer chain substrates. However, in the case of the aromatic
of the enzyme that is known to form a reversible adduct with substrateL-mandelate, wild-type flavocytochromig has
FMN (12)) and the L230A enzyme in the presence of barely detectable dehydrogenase activity, and this is increased
phenylglyoxylate (the product efmandelate oxidation). It  to very significant levels by the substitution(s). It is interest-
is apparent from all of these structures that removal of the ing to note that in the homologousmandelate dehydroge-
steric bulk of the Leu230 side chain creates an increasednases fromRhodotorula graminigwhich is also a flavo-
volume to accommodate the binding of larger substrates atcytochromeb, (6)) andPseudomonas putid@), the residues
the active site of flavocytochroni®, as can be seenin Figure equivalent to Ala198 and Leu230 iAlactate dehydrogenase
2. What is also apparent from Figure 2 is that there are no are both glycine. This is in line with the larger active site
other changes in the active site, with the positions of the volume necessary for mandelate binding and turnover, but
important catalytic residues being preserved in the mutantas yet no structure of a mandelate dehydrogenase is available
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Table 2: Kinetic Parameters for Wild-Type, L230A, and A198G/L230A Flavocytochromestb L-Lactate,.-Mandelate, and
(9-2-Hydroxyoctanoate as Substrdtes

substrate
enzyme parameter L-lactaté L-mandelaté (9-2-hydroxyoctanoate

wild-type Keat (S72) 400+ 10 0.02+ 0.0 45+ 5
Ku (mM) 0.494+ 0.05 nd-e 0.114+0.01
KealKm (MMt s72) 816+ 116 nd-e 410+ 60

L230A Keat (571 30+3 0.11+ 0.05 52+ 5
Kw (MM) 6.1+0.2 0.16+ 0.01 0.23+0.01
kealKm (MM~1s71) 49+0.7 0.69+ 0.38 226+ 24

A198G/L230A Keat (S74) 41+ 2 8.50+ 0.50 68+ 3
Kw (MM) 38+ 4 1.36+0.10 1.9+ 0.1
KealKm (MMt s72) 1.08+0.15 6.25+ 0.89 36+ 3

2|n all cases, experiments were carried out at28.1°C in 10 mM TrisHCI buffer at pH 7.51(= 0.10), with ferricyanide (1 mM) as electron
acceptor. Values df., are expressed as electrons transferred per second per molecule of enzyme. All errors quoted represent standard deviations
from a nonlinear least-squares fitAll values taken from ref. ¢ All values taken from reB. ¢ In another studyZ6) under different experimental
conditions (30°C, 0.1 M Na/K* phosphate buffer, 1 mM EDTA, pH 7.0 Was found to be 0.012= 0.002 s?, Ky to be 0.380+ 0.060 mM,
andk:a/Ky to be 0.031+ 0.003 mM? s71, end = not determined. In the case of the wild-type enzyme withandelate as substrate, activities
were so low that it was impossible to determine a meaninigfulalue.

chromeb,) and transfer of the--hydrogen to FMN N5 as a
hydride (6). There are many publications that present
evidence for the operation of each of the proposed mecha-
nisms. Central to the operation of a carbanion mechanism is
the notion that Tyr254, an active site residue, forms a
hydrogen bond with thet-hydroxyl group ofL-lactate in
Q the Michaelis complex. In this way, it is proposed to orient
the substrate-hydrogen toward His373 for deprotonation
to occur or, if Tyr254 were itself deprotonated, to act as a
second base facilitating flavin reduction by removing a
Ficure 4: Mechanisms for lactate dehydrogenation. (a) By hydride second proton from the-hydroxyl group of the carbanion

transfer: His373 abstracts the hydroxyl proton and promotes hydride ; ; ; _ ;
transfer to the N5 of FMN. (b) By carbanion formation: His373 intermediate. However, studies on Tyr254-substituted forms

removes thex-carbon hydrogen as a proton forming a carbanion. ©f the enzyme where the residue at this position now has no
A subsequent transfer of two electrons to the flavin is required. ability to form such a hydrogen bond in the Michaelis
complex indicate that although enzyme activity is impaired
with mandelate or phenylglyoxylate at the active site. as a consequence of such substitutions, there is no increase
The precise mechanism of substrate oxidation in the family in L-lactateKy values, thus ruling out such a role in substrate
of 2-hydroxy acid dehydrogenases and oxidases has beeminding 1). In fact, the effects of the Y254 substitutions
the subject of much controversy, with two alternate mech- on k., indicate that this residue is involved in transition state
anisms proposed. These are illustrated in Figure 4. Thestabilization. Recent primary and solvent kinetic isotope
operation of a mechanism involving a carbanion intermediate studies on both the wild-type and the Y254F mutant enzymes
involves deprotonation of the substratecarbon by a  conclude that a concerted cleavage of hotBH anda-OH
catalytic base (His373 in flavocytochroni®) (10) and occurs in the Y254F mutant enzyme, consistent with a
subsequent transfer of reducing equivalents to the flavin to hydride transfer mechanism, while stepwise cleavage of these
yield reduced FMN and pyruvat@) Much of the funda-  two bonds in the wild-type enzyme is explained by the
mental work that led to the proposal of a carbanion eyistence of a deprotonated lactate alkoxide intermediate that

mechanism for this flavoenzyme superfamily was carried out collapses upon transfer of theH to FMN as a hydrideZ2
on the related enzyme-amino acid oxidase1(/, 18). 23). ’

Intriguingly, the high-resolution structure ofamino acid ) ) .
oxidase 19) reveals that there is no active site base catalyst R€Cent work in support of a carbanion mechanism has
in the enzyme and that in complex withtrifluoroalanine, = P&en carried out on theskmandelate dehydrogenase from
thea-C—H of the ligand is oriented toward FAD N5, leading PSeéudomonas putid@4, 25). UsingL-mandelate and both
to the conclusion that oxidation of the substrate must occur €thyl and methyl esters efmandelic acid as substrates, these
via a hydride transfer mechanism. In addition, crystal- workers were able to detect a transient intermediate formed
lographic studies have been carried out mamino acid during FMN reduction. This intermediate is characteristic
oxidase with the bulky reaction product iminotryptophan Of a charge-transfer complex between oxidized FMN and
bound at the active site2(). Assuming a similar mode of ~ an electron-rich donor and is suggested to be a carbanion/
binding for the substratep-tryptophan, steric constraints €nolate intermediate generated by base-catalyzed abstraction
would result in orientation of the substrateH toward FAD of the substratex-proton. However, such a finding is also
in a manner consistent with the operation of a hydride in line with the existence of an electron-rich deprotonated
transfer mechanism. alkoxide intermediate, formed fromlactate byo-hydroxyl

The hydride transfer mechanism requires deprotonation deprotonation, as proposed by Sobrado et 2B) (for
of the substrater-hydroxyl group (by His373 in flavocyto-  flavocytochromeb,.

N

Hydride Transfer Carbanion Formation
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1 hydrogen bond with the phenolic side chain of Tyr254, an
: b interaction that appears unlikely to occur based upon solution

studies of Tyr254-substituted enzymexl); Modeling of
L-mandelate at the active site of wild-type flavocytochrome
b, indicates that in this case the presence of the bulky phenyl

His373 group of the substrate would prevent substrate binding in

the appropriate orientation foo-proton abstraction by

His373, and it is suggested that in this case at least, hydride

o Tyr254 transfer must occug). This conclusion is now corroborated
3.3A \ by our structure of the phenylglyoxylate-bound L230A
flavocytochromeh, presented in this work. As can be seen
28A i i i
~—___ phenyl / from Figures 2a and 5, phenylglyoxylate binds in the same

orientation as pyruvate found in the active site of the wild-

Ficure 5: Interaction of phenylglyoxylate at the active site of type enzyme, forming hydrogen bonds betweendHeto
L230A flavocytochromdnz.pPané,Igayshgws a side view, revealing grpup and His373 and Tyr254. The phenyl_group IS One.med
the angle between the-carbon and the plane of the flavin to be ~Slightly away from the plane of the FMN ring system, in a
113. Panel b, the front view, shows the hydride transfer distance position that would be sterically prohibited in the wild-type
of 3.3 A and the interaction of the-carbonyl oxygen with His373  enzyme due to the presence of the Leu230 side chain. Figure
and Tyr254. This figure was generated using BOBSCRIBS) (g showsL-mandelate modeled at the active site of L230A
and RASTER 3D 29). flavocytochromeb, in an orientation suitable foi-H

The stereochemistry af-lactate dictates that for either '€émoval by His373 and carbanion formation. From this
mechanism a different mode of binding is necessary. For figure, it can be seen that this would result in the phenyl
removal of the a-proton by His373, it is clear that the angle "Ng of the substrate being impossibly close to the FMN and
between the C2C3 bond and the plane of the carboxylate the side chains of Ala;98 and Ser228 at distances of 1.7,
group must differ from the orientation required for depro- 1.1, and 2.2 A, respectively.
tonation of thea-hydroxyl group. The presence of the?sp The position of the phenylglyoxylate-carbon is also
hybridized product molecule leaves the arrangement of the mechanistically significant. Fraaije and Mattev7) have
Michaelis complex open to question. However, in the case carried out a comparison of the structures of several
of the mutant enzymes described in this paper, which haveflavoenzymes in complex with product molecules or substrate
altered substrate selectivity and relatively high affinity for analogues. One of the findings of this work is that in each
bulkier substrates such asnandelate, it is unlikely thattwo  case the ligand atom that mimics the substrate atom dehy-
modes of substrate binding would be possible due to stericdrogenated by the flavin is found in a very similar position.
constraints. Modeling studies have been carried out usinglin this way, the site of oxidative attack by the flavin is
the pyruvate-bound wild-type structure of flavocytochrome typically found to be 3.5 A from the flavin N5, at an angle
b, (26). With L-lactate modeled at the active site in the of 96—117 from the N5-N10 axis. In the case of phenyl-
appropriate orientation for either carbanion or hydride glyoxylate bound to flavocytochromb,, the a-carbon is
transfer mechanism, there is little to suggest that either found to be 3.3 A from N5 of FMN at an angle of 1.3
orientation would be preferred on structural grounds. How- from the FMN N5-N10 axis. This is in accordance with
ever, when positioned optimally fer-proton abstraction by  the values quoted by Fraaije and Mattevi, placing the
His373, the substrate-hydroxyl group is shown to forma  o-carbon in a position appropriate for hydride transfer to

His373 = His373 S
Arg376 ¢ Arg376 ¢ 1
FMN FMN
Ala198 Ala198

glyoxylate

_»
| =
) l Ser228 £ Ser228
Ala230 Ala230

Ficure 6: Stereoview of.-mandelate (green) modeled at the active site of L230A flavocytochronie the orientation that would be
required for carbanion formation. Phenylglyoxylate is shown in atom type colors. This positioning of the phenyl.imgoflelate places

it 1.7 A from FMN, 1.1 A from the side chain of Ala198, and 2.2 A from Ser228 and is therefore clearly sterically prohibited. This figure
was generated using BOBSCRIPZ8[ and RASTER 3D 29).
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FMN N5 following deprotonation of thex-hydroxyl by
His373. Although phenylglyoxylate is the product of man-
delate oxidation, it is obvious that in this mutant enzyme,
which is an active-mandelate dehydrogenase, the formation
of a carbanion intermediate would require a substantially
different mode of binding of-mandelate. This would result
in the substrate phenyl ring pointing toward the flavin, which
is clearly sterically impossible.
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