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ABSTRACT
Studies of the Chemical Mechanisms of Flavoenzymes. (August 2003)
Pablo Sobrado, B.S., Merrimack College
Chair of Advisory Committee: Dr. Paul F. Fitzpatrick

Flavocytochrome b2 catalyzes the oxidation of lactate to pyruvate. Primary
deuterium and solvent kinetic isotope effects have been used to determine the relative
timing of cleavage of the lactate OH and CH bonds by the wild type enzyme, a mutant
protein lacking the heme domain, and the D282N enzyme. The DVmax and D(V/Klactate)
values are both 3.0, 3.6 and 4.5 for the wild type enzyme, flavin domain and D282N
enzymes, respectively. The D20Vmax values are 1.38, 1.18, and 0.98 for the wild type
enzyme, the flavin domain, and the D282N enzyme; the respective D20(V/Klactate) values
are 0.9, 0.44, and 1.0. The Dkred value is 5.4 for the wild type enzyme and 3.5 for the
flavin domain, whereas the D2Okred is 1.0 for both enzymes. The V/Klactate value for the
flavin domain increases 2-fold at moderate concentrations of glycerol. The data are
consistent with the lactate hydroxyl proton not being in flight in the transition state for
CH bond cleavage and there being an internal equilibrium prior to CH bond cleavage
which is sensitive to solution conditions. Removal of the hydroxyl proton may occur in
this pre-equilibrium. Tryptophan 2-monooxygenase catalyzes the oxidative
decarboxylation of tryptophan to indoleacetamide, carbon dioxide and water. Sequence
alignments identified this enzyme as a member of the L-amino acid oxidase family. The
tyrosine and arginine residues in L-amino acid oxidase that bind the carboxylate of oaminobenzoate are conserved and correspond to Tyr413 and Arg98 in tryptophan 2monooxygenase. Mutation and characterization of the Y413A, Y413F, R98K and R98A
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enzymes indicate that these residues are in the active site and interact with the substrate.
Deletion of the OH group of Tyr413 increases the Kd for the substrate and makes CH
bond cleavage totally rate limiting. The pH V/Ktrp rate profile for the Tyr413 mutant
enzymes shows that this residue must be protonated for activity. For both the R98A and
R98K enzymes flavin reduction is rate limiting. The Vmax and V/Ktrp pH profiles indicate
that the unprotonated form of the substrate is the active form for activity.

v

DEDICATION

This dissertation is dedicated
to the memory of my twin brother,
Cristián Sobrado Castro

vi

ACKNOWLEDGMENTS

I would like to thank my advisor, Dr. Paul F. Fitzpatrick, for his guidance and
patience over the course of this work. I would like to thank the members of my
committee, Dr. Art Johnson, Dr. Jim Hu, and Dr. Gregory Reinhart. I also would like to
thank my friends, Peter McCormick, Matthew Champion, Eugene Shakirov and Dr.
Leonardo Marino for their help and support.
I would like to thank my aunt, Dr. Janet Krefting, for her unconditional support.
Lastly, I thank my brother, Jose I. Sobrado, for inspiring me to become a better person
and my wife, Alejandra, for her love and support.

vii

TABLE OF CONTENTS
Page
ABSTRACT ...................................................................................................................iii
DEDICATION ................................................................................................................ v
ACKNOWLEDGMENTS..............................................................................................vi
TABLE OF CONTENTS ..............................................................................................vii
LIST OF FIGURES......................................................................................................... x
LIST OF TABLES .......................................................................................................xiii
ABBREVIATIONS......................................................................................................xvi
CHAPTER

I

INTRODUCTION ....................................................................................... 1

II

PROBING THE RELATIVE TIMING OF HYDROGEN
ABSTRACTION STEPS IN THE FLAVOCYTOCHROME
B2 REACTION WITH PRIMARY AND SOLVENT
DEUTERIUM ISOTOPE EFFECTS AND MUTANT
ENZYMES ................................................................................................ 13
Introduction ...................................................................................... 13
Experimental Procedures.................................................................. 16
Results .............................................................................................. 22
Discussion ........................................................................................ 35

III

ROLE OF TYR254 IN THE REACTION
CATALYZED BY FLAVOCYTOCHROME B2 ..................................... 41
Introduction ..................................................................................... 41

viii

CHAPTER

Page

Experimental Procedures.................................................................. 43
Results .............................................................................................. 45
Discussion ........................................................................................ 55
IV

CHARACTERIZATION OF THIOLACTATE
AS SUBSTRATE FOR FLAVOCYTOCHROME B2 .............................. 59
Introduction ...................................................................................... 59
Experimental Procedures.................................................................. 59
Results .............................................................................................. 61
Discussion ........................................................................................ 67

V

ANALYSIS OF THE ROLES OF AMINO ACID RESIDUES IN
THE FLAVOPROTEIN TRYPTOPHAN 2-MONOOXYGENASE
MODIFIED BY 2-OXO-3-PENTINOATE: CHARACTERIZATION
OF HIS338, CYS339, AND CYS511 MUTANT ENZYMES ................ 69
Introduction ...................................................................................... 69
Experimental Procedures.................................................................. 70
Results .............................................................................................. 73
Discussion ........................................................................................ 76

VI

TYROSINE 413 IN TRYPTOPHAN 2-MONOOXYGENASE,
A MEMBER OF THE L-AMINO ACID OXIDASE FAMILY, IS
IMPORTANT FOR CATALYSIS AND PROPER
CONFORMATION OF THE ENZYME-INTERMEDIATE
COMPLEX............................................................................................... 88
Introduction ...................................................................................... 88

ix

CHAPTER

Page
Experimental Procedures.................................................................. 91
Results .............................................................................................. 95
Discussion ...................................................................................... 104

VII

ARG98 IS IMPORTANT FOR SUBSTRATE BINDING AND
TRANSITION STATE STABILIZATION IN THE REACTION
CATALYZED BY TRYPTOPHAN 2-MONOOXYGENASE .............. 113
Introduction .................................................................................... 113
Experimental Procedures................................................................ 117
Results ............................................................................................ 121
Discussion ...................................................................................... 127

VIII SUMMARY ............................................................................................ 136
REFERENCES............................................................................................................ 138
VITA .......................................................................................................................... 145

x

LIST OF FIGURES
FIGURE

Page

1

Spectra of oxidized, semiquinone and fully reduced
FAD in tryptophan 2-monooxygenase from
P. savastanoi ............................................................................................... 2

2

Proposed active site for the family of α-hydroxy
acid oxidases ............................................................................................... 7

3

pL dependence of wild-type and mutant
flavocytochromes b2 ................................................................................... 26

4

Proton inventories for wild-type flavocytochrome b2 (O)
and the flavin domain(z) .......................................................................... 32

5

Effects of viscosity on the steady state
kinetic parameters for wild-type
flavocytochrome b2 (z) and the flavin domain (O).................................... 33

6

pH dependence of wild-type and Y254F
flavocytochromes b2 .................................................................................. 52

7

Effects of viscosity on the steady state kinetic
parameters for wild-type flavocytochrome b2 (z)
and the Y254F enzyme (O)………………………………………............. 53

8

Rate of heme reduction for the Y254F enzyme
as a function of lactate concentration......................................................... 54

9

Ratio of the activities of D282N and wild-type enzymes
with thiolactate and lactate......................................................................... 68

xi

FIGURE

Page

10

Alignment of P. savastanoi tryptophan monooxygenase
and C. rhodostoma L-amino acid oxidase.................................................. 86

11

Modeling of tryptophan monooxygenase using
the L-amino acid oxidase structure ............................................................ 87

12

Active site of L-amino acid oxidase with
aminobenzoate (AB) bound showing the interactions
with Arg90 and Tyr372 .............................................................................. 90

13

Amino acid sequence alignment of P. savastanoi
tryptophan 2-monooxygenase and C. rhodostoma
L-amino acid oxidase ................................................................................ 97

14

Results of phenylalanine scanning
mutagenesis of TMO .................................................................................. 98

15

Spectral changes during reduction of
TMO by tryptophan.................................................................................. 102

16

V/Ktrp pH dependence of the wild-type (O), Y413A (Q)
and Y413F (V) enzymes.......................................................................... 106

17

A) Amino acid sequence alignment of P. savastanoi
tryptophan 2-monooxygenase with the FAD binding
domain of C. rhodostoma L-amino acid oxidase The alignment
was generated with the program PSI-Blast using the amino acid
sequence of TMO as a probe. The numbering for LAAO is that
used in reference (27). B) Sequence of putative FAD binding
domain of tryptophan 2-monooxygenases. The GxGxxG motif
of the putative nucleotide binding region and the GG motif of
the family of L-amino oxidases are indicated (103)................................ 115

18

Active site of Calloselasma rhodostoma L-amino
acid oxidase with aminobenzoate (AB) bound showing
the interactions with Arg90 and Tyr372 ................................................. 116

xii

FIGURE

Page

19

Spectral changes during reduction of wild-type
and Arg98 mutant enzymes by tryptophan ............................................. 125

20

V/Ktrp (A) and Vmax (B) pH dependence of the wild-type (O),
R98K (∆) and R98A (Q) enzymes.wild-type (O), R98K (∆)
and R98A (Q) enzymes........................................................................... 129

xiii

LIST OF TABLES
TABLE

Page

1

Steady State Kinetic Parameters and Primary
Isotope Effects on the Oxidation of Lactate by Wild-type
and Mutant Flavocytochromes b2.............................................................. 24

2

pKa Values for Wild-type and Mutant
Flavocytochromes b2 ................................................................................. 25

3

Solvent Isotope Effects on the Oxidation of
Lactate by Wild-type and Mutant Flavocytochromes b2........................... 29

4

Rapid Reaction Kinetic Parameters for the
Oxidation of Lactate by Wild-type and
Mutant Flavocytochromes b2 .................................................................... 30

5

Steady State Kinetic Parameters and Primary
Isotope Effects on the Oxidation of Lactate by Wildtype and Y254F Flavocytochromes b2 ...................................................... 47

6

Primary and Solvent Kinetic Isotope Effects on
the Oxidation of Lactate by Wild-type and
Y254F Mutant Flavocytochrome b2 .......................................................... 48

7

pKa Values for Wild-type and Y254F Enzymes ...................................... 49

8

Rapid Reaction Kinetic Parameters for the
Oxidation of Lactate by Wild-type and
Y254F Flavocytochromes b2 ..................................................................... 50

9

Wild-type Flavocytochrome b2 Steady-State
Kinetic Parameters for Cytochrome c ....................................................... 63

xiv

TABLE

Page

10

Steady-State Kinetic Parameters for the Oxidation
of Lactate and Thiolactate by Wild-type and the
Mutant D282N Flavocytochromes b2 ........................................................ 64

11

Rapid Reaction Kinetic Parameters for the Oxidation
of Lactate and Thiolactate by Wild-type
Flavocytchrome b2 measured at 438 nm ................................................... 65

12

Rapid Reaction Kinetic Parameters for the Oxidation
of Lactate and Thiolactate by Wild-type and the
Mutant D282N Flavocytchromes b2 Measured
at 550 nm................................................................................................... 66

13

Steady State Kinetic Parameters of Tryptophan
Monooxygenase Mutant Proteins.............................................................. 77

14

Primary Deuterium Isotope Effects for
Tryptophan Monooxygenase Mutant Proteins .......................................... 79

15

Calculated Intrinsic Rate Constants for
C511S Tryptophan Monooxygenase......................................................... 81

16

Steady State Kinetic Parameters for Wild-type
and Mutant Tryptophan 2-Monooxygenases........................................... 101

17

Rapid Reaction Kinetic Parameters for Wild-type
and Y413A Tryptophan 2-Monooxygenases .......................................... 103

18

pKa Values for Wild-type and Tyr413 Mutant
Tryptophan 2-Monooxygenases.............................................................. 105

19

Differences in Binding Energies and Activation
Energies Between Wild-type and Tyr413 Mutant
Tryptophan 2-Monooxygenases.............................................................. 108

xv

TABLE

Page

20

Intrinsic Rate Constants for Wild-type and Try413
Mutant Tryptophan 2-Monooxygenases ................................................. 112

21

Steady State Kinetic Parameters for Wild-type
and Arg98 Mutant Enzymes................................................................... 123

22

Rapid Reaction Kinetic Parameters for Tryptophan
2-Monooxygenase Enzymes ................................................................... 126

23

pKa Values for Wild-type and Mutant Tryptophan
2-Monooxygenases.................................................................................. 128

24

Differences in Binding Energies and Activation
Energies Between Wild-type and Mutants
Tryptophan 2-Monooxygenases.............................................................. 131

25

Intrinsic Rate Constants for Wild-type and
Mutant Tryptophan 2-Monooxygenases ................................................. 132

xvi

ABBREVIATIONS
Flb2, flavocytochrome b2;TMO, tryptophan 2-monooxygenase; LAAO, L-amino acid
oxidase; LB, Luria-Bertani; FAD, flavin adenine dinucleotide; FMN, flavin
mononucleotide; Tris, tris(hydroxymethyl)aminomethane; ACES, N-(2-acetamido)-2aminoethanesulfonic acid; EDTA, ethylenediaminetetraacetate.

1

CHAPTER I
INTRODUCTION
Enzymes that contain FAD and FMN as cofactors are involved in a wide range of
chemical reactions, including electron transfer and dehydrogenation reactions, signal
transduction, regulation of biological clocks, photosynthesis, and DNA repair (1). The
chemical versatility of flavoenzymes arises from the ability of the reduced isoalloxazine
ring to be oxidized in two or single electron steps. The study of the chemical mechanism
of flavoproteins enjoys the benefit of the drastic differences in the absorbance spectra of
the different electronic states of the flavin in the reduced, semiquinone and oxidized
states (Figure 1). The oxidation of stable CH bonds catalyzed by flavoenzymes has been
studied for many years. There are several families of flavoenzymes that catalyze the
oxidation of CH bonds adjacent to either nitrogen or oxygen. The most studied are the
amino acid oxidases and monooxygenases, α-hydroxy-acid oxidases, amine oxidases
and alcohol oxidases (2, 3). All of these enzymes catalyze a dehydrogenation reaction in
which a CH bond is cleaved with concomitant transfer of two electrons to the flavin
cofactor (Scheme 1).

______________
This dissertation follows the style and format of Biochemistry.
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FIGURE 1. Spectra of oxidized, semiquinone and fully reduced FAD in tryptophan 2monooxygenase from P. savastanoi.
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The kinetic mechanisms of flavoenzymes that catalyze dehydrogenation
reactions can be divided into two half-reactions. In the reductive half-reaction the
substrate CH bond is broken and the flavin is reduced. In the oxidative half-reaction the
reduced enzyme is oxidized either by molecular oxygen or another electron acceptor.
The initial studies of CH bond cleavage in flavoproteins were done with the enzyme Damino acid oxidase. DAAO catalyzes the conversion of β-chloro-alanine to
chloropyruvate and to pyruvate (4). A kinetic isotope effect was observed when the αhydrogen of β-chloro-alanine was substituted with deuterium, but the product
distribution remained the same. This is consistent with the formation of a common
precursor for both chloropyruvate and pyruvate. The precursor was proposed to be a
carbanion as shown in Scheme 2.

Scheme 2
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With the enzyme flavocytochrome b2 (Flb2) similar experiments with
bromopyruvate were carried out in the wild-type and mutant enzymes, and as with
DAAO formation of bromopyruvate and pyruvate were observed (5). Thus, a carbanion
mechanism was also proposed for Flb2 and other members of the α-hydroxy acid
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dehydrogenases. Other experimental evidence that supported a carbanion mechanism
came from the inactivation of several flavoprotein hydrogenases by 2-hydroxy-3butynoate (6, 7). In the reaction proposed for inactivation, the α-proton from the
acetylenic acid is abstracted; this is followed by rearrangement to form an allene which
reacts with the flavin to produce a flavin adduct (Scheme 3)(8).

Scheme 3
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The validity of the carbanion mechanism in DAAO was questioned when the
three dimensional structure of this enzyme was solved (9). In the active site of DAAO
there is no active site base to abstract the proton at the alpha position as required in a
carbanion mechanism. It was proposed that DAAO instead catalyzes the oxidation of Damino acids via a hydride transfer mechanism (9). Experimental evidence for hydride
transfer mechanism came from 15N isotope effects. The 15(V/K) value with D-serine is
0.997, a value consistent with the direct formation of the imino acid from an
unprotonated amino acid (10). Thus, a hydride transfer mechanism involving the
unprotonated form of the substrate was proposed for DAAO (Scheme 4).
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Since the carbanion mechanism proposed for the α-hydroxy acid oxidases was
based on the results on DAAO, the validity of this mechanism for these enzymes is
questionable. This family of enzymes is composed of flavocytochrome b2, glycolate
oxidase, lactate oxidase, mandelate dehydrogenase, lactate monooxygenase and long
chain hydroxy acid oxidase (11). The enzyme flavocytochrome b2 (Flb2) has been one of
the most studied member of this family. Flb2 catalyzes the conversion of lactate to
pyruvate. The enzyme contains tightly bound FMN and heme b2 cofactors. During
catalytic turnover the electrons are transferred from lactate to the FMN to the heme and
then to cytochrome c in vivo (Scheme 5)(12, 13).

Scheme 5
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The crystal structure with pyruvate bound in the active site has been solved at 2.4
Å resolution (14)(Figure 2). In the active site the carboxylate of pyruvate is bound by
Arg376 and Tyr143. Mutation of Arg376 to lysine abolishes all detectable activity (15),
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while mutation of Tyr143 decreases the V/K value for lactate several fold (16). His373
has been proposed to be the active site base (14). Consistent with this proposal mutation
of His373 to glutamine decreases the rate of lactate oxidation by at least 105 (17).
Asp282 is proposed to orient His373 in the correct position for proton abstraction.
Mutation of Asp282 to asparagine decreases the Vmax and V/ Klactate values two orders of
magnitude (18). These residues are conserved in all members of this family (Figure
2)(19-23).
Modeling studies were done to predict the position of the hydroxyl group of
lactate in the active site of Flb2 (24). It was found that lactate can be placed in two
orientations. In one (Scheme 6, path a), the α-proton of lactate is closest to His373 and
the hydroxyl proton is close to Tyr254. In the second (Scheme 6, path b), lactate is
oriented such that the hydroxyl proton is closest to His373. These two possible binding
modes make different mechanistic predictions. Abstraction of the substrate α-proton by
His373 would form a carbanion. Alternatively, abstraction of the hydroxyl proton by
His373 would be consistent with direct hydride transfer of the α-hydrogen to the FMN
as a hydride (Scheme 6, path b)(24).
The flavoenzyme L-amino acid oxidase (LAAO) catalyzes the oxidation of Lamino acids to the corresponding keto acids (25). The most studied LAAOs are those
from snake venom (26). The three dimensional structure of Calloselasma rhodostoma
LAAO complex with the competitive inhibitor aminobenzoate has been recently solved
at 2.0 Å resolution (27). The expression of recombinant LAAO has not been reported;
thus the role of active site residues in these enzymes has been unexplored.
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FIGURE 2. Proposed active site for the family of α-hydroxy acid oxidases.
The conserved residues in flavocytochrome b2 (Flb2), glycolate oxidase
(GLO), lactate monooxygenase (LMO), long chain hydroxy acid oxidase
(HAO), mandalate dehydrogenase (MDH), and lactate oxidase (LOX) are
shown.
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The flavoenzyme tryptophan 2-monooxygenase (TMO) catalyzes the oxidative
decarboxylation of L-tryptophan to indoleacetamide and water (28). The kinetic
mechanism with tryptophan has been determined (29). In the reductive half reaction the
oxidized enzyme forms a complex with the substrate and oxidation occurs to form
reduced enzyme and imino acid, in the oxidative half reaction the imino-acid enzyme
complex react with molecular oxygen forming oxidized enzyme and product (Scheme
7)(29). TMO is one of four flavoenzymes that catalyze the oxidative decarboxylation of
amino acids; the other three are L-phenylalanine oxidase (30), L-arginine 2monooxygenase (31) and L-lysine 2-monooxygenase (32). There is no three dimensional
structure for any of these enzymes. This limits the mechanistic information that can be
obtained from site directed mutants of active site residues.
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Glucose oxidase, cholesterol oxidase and methanol oxidase are the best known
samples of flavoenzymes that catalyze alcohol oxidation. The mechanism of these
flavoenzymes has been studied with substrate analogues that contain cyclopropyl groups
and by kinetic isotope effects. Methanol oxidase does not turn over cyclopropanol;
instead the enzyme is inactivated (33). The inactivated enzyme contains a covalent
adduct between the flavin and the ring opened inhibitor. Proposed mechanisms involve
the inactivation by an ionic species or by a radical species following ring opening
(Scheme 8). Cholesterol oxidase is inactivated by 2α,3α-cyclopropanol-5α-cholestan3β-ol in a similar fashion (34). In support of a radical mechanism of inactivation of
methanol oxidase by cyclopropanol, when the native FAD is substituted by 5-deazaFAD no adduct is formed (33). Cyclopropyl methanol, which should form a carbon
radical does not inactivate methanol oxidase, questioning the validity of the proposed
radical in methanol oxidase. In addition, mutation of His 447 in cholesterol oxidase, the
residue proposed to be the active site base, decreases the rate of inactivation by 2α,3αcyclopropanol-5α-cholestan-3β-ol 10-fold to the rate of nonenzymatic ring opening
providing evidence for inactivation not involving a radical intermediate.
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The chemical mechanism of methanol oxidase from Hansenula polymorpha has
been studied with substituted alcohols and kinetic isotope effects (35). Based on a
solvent isotope of 2 and a primary deuterium isotope effect close to unity on the V/K
with benzyl alcohol, it was concluded that OH bond cleavage did not occur in the same
step as CH bond cleavage. Further experiments with substituted alcohols add to the
conclusion that the reaction occurs via hydride transfer following OH bond cleavage
(Scheme 9) (35). Similarly to the mechanism of alcohol oxidation, the mechanism of
amine oxidation by monoamine oxidases A and B has been probed with inhibitors
containing cyclopropyl groups. The results from these experiments were analyzed in
support of a mechanism that involves a single electron transfer from the amine nitrogen
to the oxidized flavin, producing an aminium cation radical and flavin semiquinone (36)
(Scheme 10). The subsequent abstraction of the α-hydrogen could happen either by
direct transfer of the hydrogen to the flavin or by formation of a carbon radical. This
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mechanism has been questioned since no flavin semiquinone is observed during rapid
reaction experiments (37).

Scheme 9
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Studies in MAO A with substituted para-benzylamines resulted in large ρ value
supporting abstraction of the α-CH proton. A polar nucleophilic mechanism which
involves a 4a-flavin adduct, with the flavin N5 acting as the base, was proposed instead

Scheme 10
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(Scheme 11a). This is a modification of a polar nucleophilic mechanism previously
proposed for MAO A (Scheme 11 b) (38) . The polar nucleophilic mechanism has been
questioned since the formation of the flavin adduct is not observed, even though α-CH
bond cleavage is rate limiting (37).
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CHAPTER II
PROBING THE RELATIVE TIMING OF HYDROGEN ABSTRACTION STEPS
IN THE FLAVOCYTOCHROME B2 REACTION WITH PRIMARY AND
SOLVENT DEUTERIUM ISOTOPE EFFECTS AND MUTANT ENZYMES

INTRODUCTION
Flavocytochrome b2 from Saccharomyces cerevisiae catalyzes the oxidation of
L-lactate to pyruvate. The enzyme is a member of a family of homologous flavoenzymes
catalyzing similar oxidations of α-hydroxy acids to keto acids; this family includes the
enzymes glycolate oxidase, lactate monooxygenase, lactate oxidase, mandelate
dehydrogenase, and 2-hydroxyacid oxidase (39-42). Each of the identical 57,500 Mr
subunits in the tetrameric flavocytochrome b2 contains a heme b2 and an FMN (43). In
the course of the reaction, a hydride equivalent is first transferred from L-lactate to the
FMN; this is followed by two single electron transfers to the heme and then to a final
acceptor (Scheme 12) (44-46). The final electron acceptor in vivo is cytochrome c, but
this can be replaced by a variety of acceptors in vitro.
The crystal structure of the enzyme with pyruvate bound has been determined
(14, 47), allowing identification of potential catalytic residues (14, 48, 49). The
carboxylate of pyruvate is bound by Arg376 and Tyr143, suggesting similar roles for
these residues in the binding of the α-hydroxy acid substrate. In support of this, mutation
of Arg376 to lysine decreases the activity by at least three orders of magnitude (50),
while mutation of Tyr143 decreases the V/K value for lactate by several fold (16).
Lactate can be placed into the active site in place of pyruvate in two alternative
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Scheme 12
lactate
EFl oxHox

EFloxH oxlactate

EFlredHoxpyruvate

cyt c
EFloxHred

EFl sq Hox

cyt c

EFlsqHred

orientations (24). In one (Scheme 13, path a), the
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proton of lactate is closest to His373

and the hydroxyl proton is close to Tyr254. In the second (Scheme 13, path b), lactate is
oriented such that the hydroxyl proton is closest to His373. Mutation of His373 to
glutamine decreases the rate of lactate oxidation by at least 105 (17), consistent with a
role for this residue as an active site base. The two possible orientations of lactate make
different mechanistic predictions (Scheme 13). Abstraction of the substrate α-hydrogen
by His373 would form a carbanion. Alternatively, abstraction of the hydroxyl hydrogen
by this residue would be consistent with direct transfer of the α-hydrogen to the FMN as
a hydride. Experimental studies of flavocytochrome b2 and the other members of this
flavoenzyme family have been interpreted as favoring either a carbanion mechanism
(51) or a hydride transfer mechanism (52, 53).
The oxidation of lactate to pyruvate requires removal of both the hydrogen bound
to the α-carbon and the hydroxyl proton. The relative timing of these bond cleavages
differs in the two mechanisms of Scheme 13. If the reaction proceeds via a carbanion
intermediate, the α-proton would be abstracted first, with cleavage of the oxygenhydrogen bond occurring in a subsequent step. In contrast, the bond cleavages could be
concerted in a hydride transfer mechanism. In the work described herein, primary
deuterium and solvent kinetic isotope effects have been used to probe the order of bond
cleavage in the flavocytochrome b2 reaction to provide further insight into the
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mechanism. In addition to experiments with wild-type enzyme, the analyses were carried
out with a mutant protein lacking the heme domain, to eliminate effects due to electron
transfer between the cofactors, and with the active site mutant D282N, a protein for
which chemical steps appear to be rate-limiting (18). Scheme 13 presents the proposed
mechanisms for lactate dehydrogenation by flavocytochrome b2: a, carbanion
mechanism, in which His373 abstracts a the alpha proton from lactate to form a
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carbanion. This intermediate reacts with the FMN, producing reduced flavin and
pyruvate. b, hydride transfer mechanism in which His 373 abstracts the hydroxyl proton
as the alpha proton is transferred as a hydride directly to the FMN in a concerted
manner. The scheme was adapted from references (24) and (16).
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EXPERIMENTAL PROCEDURES
Materials. Sodium L-[2-2H]lactate (98%) and deuterium oxide (99.9%) were
purchased from Cambridge Isotope Co., Andover, MA. L-Lactate and D,L-lactate were
from Sigma Chemical Corporation (St. Louis, MO). Hydroxyapatite was from BioRad
laboratories, Hercules, CA. All other reagents were of the highest purity commercially
available.
DNA Manipulation. Custom oligonucleotides were synthesized on an Applied
Biosystems Model 380B DNA synthesizer by the Gene Technology Laboratory of Texas
A&M. Restriction endonucleases were from New England Biolabs Inc. Pfu DNA
polymerase was obtained from Stratagene USA. Plasmids were purified using kits from
Qiagen Inc. The plasmid pDSb2 (50), which contains the coding region for wild-type
flavocytochrome b2, and a plasmid coding for flavocytochrome b2 D282N were generous
gifts from Dr. Florence Lederer.
The DNA fragment coding for mature flavocytochrome b2 was removed from
pDSb2 by digestion with EcoRI and HindIII, and placed by ligation into pET21d which
had been digested with EcoRI and HindIII. This construct was called pEFCB3. Sitedirected mutagenesis (54) with the oligonucleotide 5’AGCGGGCGAAATCTTTTGTTTATCCATGGCCAGTTTCGGCTCGTTGTC-3’ was
used to introduce a new NcoI restriction site into pEFCB3 so that the ATG of the
restriction site coincided with the codon for methionine 6 of the mature enzyme. The
resulting plasmid, pEFCB4, was digested with NcoI and incubated with T4 DNA ligase.
The plasmid found to have lost the sequence between the NcoI site of pET21b and the
newly introduced NcoI site (pEFCB5) was utilized for expression of the wild-type
enzyme.
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Flavocytochrome b2 lacking the amino terminal 100 amino acid residues
comprising the heme domain was constructed by incorporating an additional NcoI
recognition site at position 300 of the gene in pEFCB5 using the QuikChange protocol
(Stratagene) with the oligonucleotides
5'GCTCCTGGTGAAACCATGGAAGATATCGC'3 and
5’GCGATATCTTCCATGGTTTCACCAGGAGC’3. The resulting mutagenesis
mixture was used to transform XL1-Blue cells. Mutated plasmids were detected by
electrophoretic analysis of restriction digests of plasmids, using NcoI and HindIII. A
plasmid containing the additional NcoI site (pEFCB6) was digested with NcoI and then
ligated with T4 DNA ligase. This ligation mixture was used to transformed XL1-Blue
cells. Resulting colonies were screened for the correct construct using the polymerase
chain reaction. Isolated colonies were picked, duplicated on a second agar plate, and the
remaining cells dispersed in 100 µl of 10 mM Tris-Cl, pH 8.0. The samples were boiled
for 5 minutes, chilled on ice, and centrifuged for 5 minutes. The supernatants were used
as templates for a PCR reaction, using Taq polymerase from Stratagene USA and
oligonucleotide primers that flanked the entire flavocytochrome b2 gene. Colonies
yielding products with a flavocytochrome b2 gene 300 bp shorter than the wild-type gene
were selected for plasmid isolation and DNA sequencing. A plasmid containing the
truncated coding region, pEFCB∆heme, was introduced into competent E. coli
BL21(DE3) cells. Small cultures were stored as 10% glycerol stocks at -80 ˚C.
Cells Strains and Growth. Cells from permanent stocks containing the
appropriate plasmid were streaked on LB agar plates containing 100 µg/mL ampicillin; a
single colony was used to inoculate a 50 mL liquid culture. After incubation of the latter
overnight at 37 ˚C, 10 mL was used to inoculate a 1 L culture of LB broth containing
100 µg/mL ampicillin. When the A600 value of the culture reached 0.8, isopropyl-β-D-
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thioglucanopyranoside was added to a final concentration of 500 µM. Incubation was
continued for 6 hr, at which time cells were harvested by centrifugation for 1 hr at 5000
x g.
Enzyme Purification. For purification of the wild-type enzyme, cell pellets were
resuspended in 10 mM Tris-HCl, 10 mM EDTA, 0.2 mg/ml lysozyme, 20 mM D,Llactate, 1 mM phenylmethylsulfonyl fluoride, pH 7.5, at 4 ˚C, using 10 ml/g. The cell
suspension was stirred for 1 hr at 4 °C, then centrifuged at 12,000 x g for 1 hr at 4 °C.
The resulting supernatant was brought to 30% saturation with ammonium sulfate,
followed by centrifugation at 10,000 x g for 30 min. This supernatant was brought to
70% saturation with ammonium sulfate. The pellet produced by centrifugation was
resuspended in 100 ml of 10 mM potassium phosphate, 1 mM EDTA, 20 mM D,Llactate, pH 7.5, and loaded on to a hydroxyapatite column previously equilibrated with
the same buffer. The enzyme was eluted with a linear gradient from 10 mM to 300 mM
potassium phosphate. Purification of the flavin domain was done as described by Balme
et al. (55). The D282N enzyme was purified as described by Gondry et al. (56). Enzyme
concentrations were determined using an ε423 value of 183 mM-1 cm-1 and an ε413 value
of 129.5 mM-1cm-1 for the reduced and oxidized full length enzymes, respectively (12),
and an ε453 value of 11.1 mM-1cm-1 for the flavin domain (57). Purified enzymes were
stored in 100 mM potassium phosphate, 1 mM EDTA, 20 mM D,L-lactate, pH 7.5, at 70 °C.
To remove the lactate used for storage, the day of use an aliquot was precipitated
with 70% ammonium sulfate in 100 mM potassium phosphate, 1 mM EDTA, pH 7.5, at
4 °C. The pellet obtained by centrifugation at 15,000 x g for 5 min was resuspended in
100 mM potassium phosphate, 1 mM EDTA, pH 7.5. This procedure was repeated
twice. The final enzyme concentration was about 3 µM. This treatment also resulted in
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oxidation of the cofactors. For stopped-flow experiments, enzyme was passed through a
Sephadex G-25 column in 100 mM potassium phosphate, 1 mM EDTA, pH 7.5, to
remove the lactate.
Enzyme Assays. Initial rate assays were performed in 100 mM potassium
phosphate, 1 mM EDTA, 1 mM potassium ferricyanide, pH 7.5, 25 °C, with varied
concentrations of L-lactate or L-[2-2H]lactate, following the decrease in absorbance at
420 nm, and using an ε420 value for ferricyanide of 1.04 mM-1cm-1. For the flavin
domain, 3 mM potassium ferricyanide was used. The steady state kinetic parameters
given in Table 1 for the flavin domain were obtained by varying the concentrations of
both potassium ferricyanide and L-lactate. Concentrations of lactate were determined by
end point assay with wild-type flavocytochrome b2.
For pH studies, the buffer was 50 mM Bis-Tris at pH 5.5-7.0, 150 mM HEPES at
pH 7.0-8.5, and 50 mM ethanolamine at pH 8.5-10.0. All assays were done in the
presence of 1 mM potassium ferricyanide at 25 °C. pD profiles were done in the same
buffers made up using 99.9% deuterium oxide and adjusting the pD with DCl and NaOD
as needed, adding 0.4 to the value indicated by the pH meter (58). Steady state kinetic
solvent isotope effects and proton inventories were carried out in 100 mM phosphate, 1
mM EDTA, pH 7.5 or pD 8.0, with 1 mM potassium ferricyanide for the wild-type and
D282N enzymes and 3 mM for the flavin domain at 25 °C. For the proton inventory
experiments, the desired atom fraction of D2O was achieved by combining appropriate
volumes of assay components made up in H2O or D2O. Assays were initiated by the
addition of 5 µl of enzyme in H2O into a final volume of 1 ml.
The effects of viscosity on steady state kinetic parameters were measured in 100
mM potassium phosphate, 1 mM EDTA, pH 7.5, 25 °C, using 1 mM potassium
ferricyanide for wild-type enzyme and 3 mM for the flavin domain. The values for the
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relative viscosities of glycerol-containing solutions were taken from Weast (59) and
adjusted for 25 ˚C.
For rapid reaction analyses, flavin reduction was monitored on an Applied
Photophysics SX.18MV stopped-flow spectrophotometer. Enzyme in 100 mM
potassium phosphate, 1 mM EDTA, pH 7.5, was mixed with an equal volume of the
same buffer containing varied concentrations of lactate at 25 °C. The reaction of the
wild-type enzyme was monitored at 438 nm, a heme isosbestic point, while that of the
flavin domain was monitored at 452 nm (55). To determine solvent isotope effects,
enzyme in aqueous buffer was mixed with an equal volume of lactate in D2O-containing
buffer.
Data Analysis. Kinetic data were fit to equations 1-8 using the programs
Kaleidagraph (Adelbeck Software, Reading, PA), KinetAsyst (IntelliKinetics, State
College, PA) or Igor (Wavemetrics, Lake Oswego, OR). Initial rate data when only one
substrate was varied were fit to the Michaelis-Menten equation. When both lactate and
ferricyanide were varied, the data were fit to equation 1. Primary deuterium and solvent
isotope effects were calculated using equations 2-4. Equation 2 is for separate isotope
effects on the Vmax and V/Klactate values; equation 3 is for an isotope effect on the Vmax
value only; equation 4 is for an isotope effect on the V/ Klactate value only. In each, Fi is
the fraction of heavy atom substitution in the substrate, EV is the isotope effect on the
Vmax value minus 1, and EVK is the isotope effect on the V/ Klactate value minus 1. The pH
profiles were obtained by fitting the Vmax and V/ Klactate values obtained at each pH to
equation 5; here, K1 and K2 are the dissociation constants of the ionizable groups, and C
is the pH independent value of the specific kinetic parameter. Proton inventory data were
fit to equation 6, where n is the atom fraction of D2O, nk is the solvent isotope effect at
that D2O content, and D2Ok is the solvent isotope effect in 100% D2O. Stopped-flow
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traces were fit to equation 7 which describes a biphasic exponential decay; λ1 and λ2 are
first order rate constants, t is time, and Aa, Ab, and Ac are the absorbances of species A,
B, and C. The lactate concentration dependence of the rapid phase, which corresponds to
flavin reduction, was analyzed using equation 8 (45); here kobs is the observed rate of
reduction of the flavin, kred is the limiting rate of reduction at saturating substrate
concentration, and Kd is the concentration of substrate at which the rate of reduction is
one-half the maximum value. To calculate isotope effects on rapid reaction kinetic
parameters, the observed rates of reduction were fit to equation 2, using the kobs values in
place of initial rates.
VAB
v = K B + K A + AB
a
b
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VA
v = K (1 + F (E ))+ A (1 + F (E ))
m
i
vk
i v
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i
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d
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RESULTS
Wild-type Flavocytochrome b2. As a measure of the extent to which the Vmax and
V/ Klactate values reflect the rate of the cleavage of the carbon-hydrogen bond of lactate,
primary kinetic isotope effects were determined with 2-2H-lactate. Ferricyanide was used
as the electron acceptor in these analyses because the oxidative half reaction becomes
partially rate-limiting when cytochrome c is used (16). The concentration of ferricyanide
was kept at least 50-fold higher than its KM value to ensure that reduction was
irreversible in the steady state. For the mechanism of Scheme 12, the V/ Klactate value
includes the rates of steps for the reaction of free enzyme and lactate to form the reduced
enzyme-pyruvate complex. The DVmax and D(V/ Klactate) values for wild-type
flavocytochrome b2 are close to 3 at pH 7.5 (Table 1). The primary isotope effects are
independent of pH; at pH 5.2, the DVmax and D(V/ Klactate) values are 3.0 ± 0.2 and 3.0 ±
0.4, respectively, while at pH 9.2 the values are 2.9 ± 0.2 and 3.0 ± 0.5. The values are
within the range of values previously determined under slightly different conditions (16,
24, 45).
Solvent isotope effects were determined to probe the timing of steps involving
solvent exchangeable protons, such as the cleavage of the lactate oxygen-hydrogen bond.
As a necessary step in the measurement of solvent isotope effects on the
flavocytochrome b2 reaction, the pH dependences of the Vmax and V/ Klactate values for
the wild-type enzyme were determined over the accessible pH range. The V/ Klactate pH
profile of wild-type flavocytochrome b2 is bell-shaped, consistent with the involvement
of two ionizable groups in the free enzyme (Figure 3A). One group with a pKa value of
5.4 ± 0.1 must be unprotonated and one with a pKa value of 8.7 ± 0.1 must be protonated
for activity. The Vmax pH profile is also bell-shaped, reflecting apparent pKa values of
5.0 ± 0.2 and 9.4 ± 0.1 for the groups which must be unprotonated and protonated for
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catalysis, respectively (Figure 3B). These values are in good agreement with previously
published values obtained under different conditions (60, 61).
When the pH dependence is carried out in D2O, all of the pKa values in the Vmax
and V/ Klactate profiles are shifted upward, as expected (Figure 3 and Table 2). These
analyses show that the Vmax and V/ Klactate values are independent of pL at pH 7.5 and
pD 8.0. Therefore, we chose pH 7.5 and pD 8.0 to measure the solvent isotope effects.
With the wild-type enzyme, there is a normal effect on the Vmax value of 1.38 ± 0.07 and
a slightly inverse effect on the V/ Klactate value of 0.90 ± 0.04 (Table 3). Similar values
with slightly lower precision could be calculated from the complete pL dependences.
Two approaches were taken to determine if the solvent isotope effects with the wild-type
enzyme were on the step in which the lactate carbon-hydrogen bond is cleaved. In the
first, the solvent isotope effects were measured with 2-2H-lactate under the conditions
used with the nondeuterated substrate. This gave values for D2O(V/Klactate)D of 0.87 ± 0.1
and for (D2OV)D of 1.1 ± 0.03. The decrease in the magnitude of the D2OV value with
deuterated lactate is consistent with the solvent isotope effect on this parameter arising
from a different step than that generating the primary isotope effect (62). The
magnitudes of the D2O(V/Klactate) values are too small to draw conclusions.
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Table 1. Steady State Kinetic Parameters and Primary Isotope Effects on the Oxidation
of Lactate by Wild-type and Mutant Flavocytochromes b2*
Enzyme

D

V

D

V

V/ Klactate

Klactate

(V/K)

s-1

mM-1 s-1

mM

Wild-type

372 ± 12

2300 ± 215

0.16 ± 0.02

2.9 ± 0.1

3.0 ± 0.3

Flavin Domain

200 ± 7

543 ± 32

0.36 ± 0.03

3.7 ± 0.3

3.5 ± 0.2

D282N

2.2 ± 0.1

15 ± 1

0.15 ± 0.02

4.9 ± 0.3

4.3 ± 1.1

*Conditions: 100 mM potassium phosphate, 1 mM EDTA, and 1 mM ferricyanide for
the wild-type and D282N enzymes and 3 mM ferricyanide for the flavin domain, pH 7.5,
25˚C.
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Table 2. pKa Values for Wild-type and Mutant Flavocytochromes b2*
Enzyme
Wild-type

Flavin Domain

D282N

Parameter

Solvent

pKa

pKa

V

H2 O

5.0 ± 0.2

9.4 ± 0.1

V

D2O

5.3 ± 0.1

10.4 ± 0.1

V/ Klactate

H2O

5.4 ± 0.1

8.7 ± 0.1

V/ Klactate

D2O

5.8 ± 0.2

9.4 ± 0.2

V

H2O

6.2 ± 0.2

8.5 ± 0.2

V/ Klactate

H2O

5.5 ± 0.3

8.4 ± 0.2

V

H2O

5.9 ± 0.1

10.2 ± 0.1

*Conditions: 150 mM HEPES, 50 mM Bis-Tris, 50 mM ethanolamine, 1 mM or 3 mM
ferricyanide, pH 5.5-10.0, 25˚C.

26

log V/K

lactate

A
3

2

1
6

log V

max

3

8

pL

10

B

2
1
0
6

8

10

pL

FIGURE 3. pL dependence of wild-type and mutant flavocytochromes b2. Initial rates
were determined with ferricyanide as the electron acceptor as described in Experimental
Procedures. Panel A shows the V/Klactate profile in H2O for the wild-type (z) and flavin
domain (♦) enzymes and in D2O for the wild-type enzyme (O). Panel B shows the Vmax
profile in H2O for the wild-type (z), the D282N (∆), and flavin domain (♦) enzymes,
and in D2O for the wild-type enzyme (O). The lines are fits of the data to equation 5.
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As an alternative approach, isotope effects were determined for the rate of
reduction of the flavin by lactate using a stopped-flow spectrophotometer. When lactate
is mixed with flavocytochrome b2 in the absence of an electron acceptor, complete
reduction of the FMN occurs in an apparently irreversible first-order process. Direct
measurements of FMN reduction eliminates contributions from subsequent electron
transfer steps between FMN and heme b2 and between heme b2 and ferricyanide. In this
experiment the wild-type enzyme showed a Dkred of 5.4 (Table 4). The solvent isotope
effect on the rate of reduction was measured by mixing enzyme in aqueous buffer with
an equal volume of lactate in D2O in the stopped-flow spectrophotometer. No significant
solvent isotope effect on the limiting rate of reduction of the flavin could be detected
(Table 4).
Isolated Flavin Domain. The lack of a solvent isotope effect on the rate of flavin
reduction suggests that the solvent isotope effect on the Vmax value for the wild-type
enzyme occurs on a step after flavin reduction. As a test of this hypothesis, isotope
effects were determined with a mutant protein lacking the heme domain, an enzyme
previously described by Balme et al. (55). While the ability of this enzyme to utilize
cytochrome c as an electron acceptor is nearly eliminated by the truncation, the effects
on kinetic parameters with ferricyanide as electron acceptor are much less. The V/ Klactate
and Vmax values decrease severalfold, and there is an increase in the value of the primary
isotope effects on these parameters (Table 1), in agreement with the previous
characterization (55). The pH dependence of steady state kinetic parameters was also
determined with this mutant protein. The V/ Klactate pH profile for the flavin domain is
indistinguishable from that of the wild-type enzyme (Figure 3A and Table 2). This was
expected since catalytic steps involved in V/ Klactate should not require the heme domain.
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The Vmax profile is still bell-shaped, but the pKa values are shifted inwards compared to
those of the wild-type enzyme (Figure 3B and Table 2).
Solvent isotope effects were determined with the flavin domain at pH 7.5 and pD
8. The data were fit best by assuming isotope effects on both the V/ Klactate and Vmax
values (Table 3). The solvent isotope effect on the Vmax value is normal and smaller than
that seen with the wild-type enzyme, consistent with most of the effect with the latter
being due to steps in the oxidative half reaction. Surprisingly, there was a relatively large
inverse effect on the V/ Klactate value. The solvent isotope effect on the limiting rate of
reduction of the flavin by lactate was also determined directly by stopped-flow methods.
As was the case with the wild-type enzyme, there was no significant solvent isotope
effect on this parameter (Table 4). A large inverse effect was seen on the apparent
second order rate constant for reduction; this parameter should be equivalent to the
steady state V/ Klactate.
Proton Inventories. Proton inventories, in which kinetic parameters are
determined in mixtures of H2O and D2O, can often provide insight into the origin of
solvent isotope effects (58). Consequently, such analyses were done with wild-type
flavocytochrome b2 and the isolated flavin domain. With both enzymes, the Vmax proton
inventory shows a linear dependence of the solvent isotope effect on the fraction of D2O
(Figure 4A), although the small magnitude of the effect with the flavin domain precludes
ruling out more complex behavior. The V/ Klactate proton inventories for both enzymes
are also linear, although inverse (Figure 4B).
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Table 3. Solvent Isotope Effects on the Oxidation of Lactate by Wild-type and Mutant
Flavocytochromes b2*
Enzyme
Wild-type

D2O
(V/

Klactate)

0.90 ± 0.04

D2O
V

Equation

χ2

1.38 ± 0.07

2

236

1.35 ± 0.03

3

265

4

3185

1.18 ± 0.05

2

1784

0.93 ± 0.08

3

10333

4

3416

0.97 ± 0.04

2

0.099

0.98 ± 0.04

3

0.101

4

0.104

1.52 ± 0.34
Flavin domain

0.44 ± 0.05

0.55 ± 0.06
D282N

1.06 ± 0.14

1.00 ± 0.16

* Conditions: 100 mM potassium phosphate, 1 mM EDTA, 1 or 3 mM ferricyanide, pH
7.5 or pD 8.0, 25˚C.
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Table 4. Rapid Reaction Kinetic Parameters for the Oxidation of Lactate by Wild-type
and Mutant Flavocytochromes b2*
Enzyme

kred

kred/Klactate

Klactate

s-1

mM-1 s-1

mM

D

D O
a
2 kred

D O
a
2 kred/Klactate

kred

Wild-type 520 ± 19 1100 ± 78

0.47 ± 0.05

5.4 ± 0.4

1.0 ± 0.10

1.1 ± 0.2

Flavin

0.30 ± 0.02

3.5 ± 0.2

1.02 ± 0.02

0.6 ± 0.1

227 ± 6

785 ± 64

Domain
*Conditions: 100 mM potassium phosphate, 1 mM EDTA, pH 7.5 or pD 8.0, 25˚C.
a

Calculated assuming a linear dependence of the isotope effect on the mole fraction of

D2O.
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Viscosity Effects. Small solvent isotope effects can arise because the viscosity of
D2O is greater than that of H2O by 23% at 25 oC (63). This will decrease the rate of
diffusion-limited steps such as substrate association and product dissociation. The effects
of viscosity on the Vmax and V/ Klactate values of the wild-type enzyme and the flavin
domain were determined with glycerol as the viscogen. The Vmax values for both
enzymes decreased slightly as the viscosity of the medium increased. A plot of the
normalized increase in the Vmax value as a function of the normalized increase in
viscosity allows calculation of the extent to which diffusion limits the Vmax value. As
shown in Figure 5A, the slope of the line for wild-type flavocytochrome b2 is 0.32 ±
0.03, while that for the flavin domain 0.15 ± 0.02. Thus, a viscosity-sensitive step such
as product release partially limits the Vmax value for both wild-type flavocytochrome b2
and the isolated flavin domain.
The effects of viscosity on the V/ Klactate values are more complex with both
enzymes. The V/ Klactate for the wild-type enzyme increases slightly with increasing
concentrations of glycerol (Figure 5B). The flavin domain is activated up to twofold by
moderate concentrations of glycerol (10-20%) (Figure 5B).
Characterization of D282N Flavocytochrome b2. The primary isotope effects on
the V/ Klactate and Vmax values for wild-type flavocytochrome b2 and the flavin domain
could be decreased from the intrinsic values on the chemical step by contributions to
these kinetic parameters from steps other than that in which the lactate CH bond is
cleaved. One approach to minimizing this problem is to utilize substrates for which the
chemistry is slowed, so that catalysis becomes more rate limiting. An alternative
approach is to use modified enzymes in which the rate of the chemical step of interest
has been decreased. In the active site of flavocytochrome b2, His373 is appropriately
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FIGURE 4. Proton inventories for wild-type flavocytochrome b2 (O) and the flavin
domain (z). The observed isotope effects on the Vmax (A) and V/Klactate (B) values are
plotted as a function of the mole fraction of D2O. The lines are fits of the data to
equation 6.
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FIGURE 5. Effects of viscosity on the steady state kinetic parameters for wild-type
flavocytochrome b2 (z) and the flavin domain (O). Panel A shows the effect on the Vmax
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placed to act as an active site base (48). However, mutagenesis of His373 to glutamine
results in an enzyme with no detectable activity (17), ruling out this mutant for further
analyses. The side chain of Asp282 is appropriately placed for an electrostatic
interaction with the imidazole ring of His373 (14), and disruption of this interaction by
mutagenesis of Asp282 has been reported to decrease both the Vmax and V/ Klactate values
by 70-100 fold (18). Consequently, the D282N enzyme was selected as a protein in
which the rate of the CH bond cleavage step was likely to be significantly decreased,
simplifying interpretation of isotope effects.
In agreement with the previous work (18), we found that the D282N mutation
decreases both the Vmax and the V/ Klactate values by about two orders of magnitude
(Table 1). The primary isotope effects on both kinetic parameters also increase,
consistent with cleavage of the lactate CH bond becoming rate-limiting. The Vmax pH
profile for the D282N enzyme shows a bell-shaped curve with two ionizable groups
(Figure 3B). The pKa values are shifted upwards compared to the wild-type enzyme
(Table 2). The V/ Klactate pH profile was not determined due to the low activity of this
enzyme. It was not possible to follow the flavin reduction by rapid reaction methods, as
noted previously, due to electron transfer between the redox centers in the different
subunits reoxidizing the flavin more rapidly than it is reduced by lactate (18).
Solvent isotope effects on the Vmax and V/ Klactate values were determined with
the D282N enzyme under the conditions used for the wild-type enzyme, pH 7.5 and pD
8.0. Neither isotope effect was significantly different from one, although the precision of
the D2OV/ Klactate value was not as good due to the low activity of this enzyme (Table 3).
Thus, with a mutant in which CH bond cleavage is rate limiting, there is no evidence for
an exchangeable proton in flight in the transition state for cleavage of the lactate CH
bond.

35

DISCUSSION
Despite a great deal of mechanistic and structural analysis, the mechanism by
which flavoproteins oxidize α-hydroxy acids to the corresponding keto acids remains
controversial. The majority of the data are readily accommodated by removal of the αhydrogen as a proton to form a carbanion (51). The various members of this family have
been shown to varying extents to catalyze halide elimination from ß-substituted
substrates and to be inactivated by acetylenic substrate analogs. In addition,
flavocytochrome b2 will catalyze transfer of tritium from 2-3H-lactate to 3-Br- and 3-Clpyruvate, forming both labeled pyruvate and the respective labeled lactate; this reaction
has been interpreted in favor of partitioning of a carbanion intermediate (64). The
homologous active sites of these enzymes contain a conserved histidine residue properly
placed to abstract a proton from the substrate (11, 65). In all cases mutagenesis of this
histidine decreases the rate of substrate oxidation by 3-5 orders of magnitude, consistent
with a role as an active site base. However, neither the mechanistic nor the structural
data provide unambiguous support for a carbanion mechanism. Halide elimination can
be accommodated by nucleophilic displacement of the halide by a hydride from the N(5)
position of the reduced flavin. If the exchange of this proton with solvent is hindered, the
transhydrogenation reaction can be similarly rationalized. Inactivation by acetylenic
compounds could involve attack of an active site nucleophile on the enzyme bound
product. A structure is not available for a member of this family with substrate bound
due to the chemical reactivity of such a complex. Instead, structures with bound keto
acid product have been used to model the enzyme- substrate complex. The results of
such modeling studies are ambiguous, in that the hydroxy acid can be modeled with the
conserved histidine near either the α-proton or the hydroxyl proton (24). The former
orientation is consistent with formation of a carbanion, while the latter is more
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suggestive of transfer of the α-hydrogen as a hydride. The dramatic effects of
mutagenesis of this residue are consistent with either role.
The experiments described here were designed to address the mechanism of
lactate oxidation by flavocytochrome b2 by focusing on the relative timing of the
cleavage of the lactate CH and OH bonds. Primary deuterium kinetic isotope effects
provide a probe of the status of the CH bond, while solvent isotope effects can be used to
probe the status of the OH bond. With wild-type flavocytochrome b2, both the DV and
D

V/ Klactate values are about 3, establishing that cleavage of the lactate CH bond is at

least partially rate limiting for both the reductive half-reaction and for overall turnover.
The solvent isotope effect on the Vmax value could arise from any of the first order steps
in Scheme 12. The decrease in the D2OV value when 2-2H-lactate is the substrate is
consistent with the solvent isotope effect arising from a separate step than the primary
deuterium isotope effect. The rapid reaction kinetic parameters confirm this conclusion
in a more direct fashion. The limiting rate of reduction of the flavin, which should be a
direct measure of k3 in Scheme 12, shows a larger primary isotope effect of the
magnitude expected for the intrinsic effect, but no solvent isotope effect. These data are
consistent with no change in the OH bond order in the transition state for CH bond
cleavage in the wild-type enzyme.
If the solvent isotope effect on the Vmax value for the wild-type enzyme does not
arise from lactate oxidation, it must be due to subsequent steps in the oxidative half
reaction. The data are consistent with several steps contributing to the D2OV value. Part
of the effect is due to the increased viscosity of D2O compared to H2O. The Vmax value
for the wild-type enzyme is about 30% limited by viscosity. This effect could be due to
product release steps or conformational changes. The viscosity contribution to the
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solvent isotope effect can be calculated to be about 1.09, with the remainder of the effect
due to other steps in the oxidation of the reduced enzyme by ferricyanide.
The behavior of the isolated flavin domain confirms the conclusions drawn from
the wild-type enzyme. In this case the reduced enzyme reacts directly with the oxidant,
without first transferring the electrons to the heme b2. Again there is no significant
solvent isotope effect on the limiting rate of flavin reduction by lactate. Both the solvent
isotope effect and the effect of viscosity on the Vmax value for the flavin domain are
attenuated from the wild-type value. This is readily explained by the loss of
contributions from steps in the oxidative half-reaction.
The analyses of both the wild-type enzyme and the flavin domain required the
use of rapid reaction kinetics to measure the isotope effects on lactate oxidation without
interference from other steps. An alternative approach is to utilize mutant proteins in
which the rate of lactate oxidation is decreased sufficiently that CH bond cleavage is
fully rate limiting for turnover. His373 is appropriately placed in the active site of
flavocytochrome b2 to act as a base during catalysis (24). Mutagenesis of His373
decreases turnover by at least five orders of magnitude (17), eliminating mutation of this
residue from consideration. However, mutagenesis of Asp282, which interacts with
His373, has the desired effect, decreasing both the Vmax and the V/ Klactate values by two
orders of magnitude and increasing the isotope effects on these parameters to the values
seen in the reductive half reaction of the wild-type enzyme (16).
The properties of the D282N enzyme are consistent with a sufficient decrease in
the rate of lactate CH bond cleavage that this step becomes fully rate limiting. There is
no solvent isotope effect on the Vmax value for this enzyme, confirming the conclusion
drawn from the wild-type enzyme and the flavin domain that there is no change in the
bond order of the lactate OH bond in the transition state for CH bond cleavage. These

38

results confirm the critical role of His373 as an active site base and illustrate the utility
of using appropriately mutated enzymes to make chemical steps in enzyme-catalyzed
reactions manifest.
While the isotope effects on the Vmax values of the wild-type and mutant
enzymes are consistent with the expectations of the carbanion mechanism shown in
Scheme 13, the effects on the V/Klactate values establish that the situation is more
complex. With wild-type flavocytochrome b2 there is a small but significant inverse
solvent isotope effect on the V/Klactate value. This increases markedly in the flavin
domain. In addition, the V/Klactate value for the flavin domain shows an unusual increase
in activity in the presence of low concentrations of glycerol. A reasonable explanation
for these results is that there is an internal equilibrium after formation of the enzymelactate complex but before CH bond cleavage, as shown in Scheme 14. This equilibrium
is shifted by the presence of either glycerol or D2O. Both of these solvents affect the
stability of proteins favorably, and in both cases the effect has been attributed to changes
in solvation (66, 67). Thus, it is reasonable that they could have similar effects on
conformational equilibria. Other possible explanations for inverse solvent isotope effects
are the presence of a thiol or metal-bound water; both of these possibilities can be ruled
out for flavocytochrome b2. The NAD malic enzyme from Ascaris suum provides a
previous example in which an inverse solvent isotope effect could be reproduced by the
addition of glycerol; this result was similarly attributed to an effect on enzyme
conformation (68). Indeed, the results described here for flavocytochrome b2 reinforce
the recommendation of Karsten et al. (68) that an evaluation of viscosity effects is
prudent for all solvent isotope effects studies.
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The solvent inventories for the V/Klactate values are consistent with a single
exchangeable proton being responsible for the inverse solvent isotope effect. If the
inverse effect is due to a change in a conformational equilibrium, an effect due to
multiple protons is often expected (63). The precision of the V/Klactate values is such that
a small degree of curvature can not be ruled out. Moreover, the possibility must be
considered that the apparent linearity arises from compensating isotope effects, with an
inverse effect on enzyme conformation being opposed by a normal kinetic effect on OH
bond cleavage. A previous study of the Bacillus lactate dehydrogenase provides a useful
comparison with the present results with flavocytochrome b2, since both enzymes
catalyze the interconversion of lactate and pyruvate. The pyridine nucleotide-dependent
lactate dehydrogenase would be expected to utilize a hydride transfer mechanism. With
the Bacillus enzyme, in the direction of pyruvate reduction the primary deuterium
isotope effect on the V/KNADH value is 5.5, while the solvent isotope effect on the same
kinetic parameter is unity or slightly inverse (69). Xie et al. concluded that the simplest
explanation for these results is that OH bond cleavage and hydride transfer do not occur
in the same step. However, they pointed out that the data could not rule out a normal
isotope effect from OH bond cleavage which is opposed by a multi-proton effect arising
from an enzyme conformational change. The same possibility must be considered in the
case of flavocytochrome b2.
In summary, the data presented here with flavocytochrome b2 support the
conclusion that there is no solvent isotope effect on the step in catalysis in which the
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lactate CH bond is cleaved. This is based on both the results of rapid kinetic analyses
and the results with a mutant in which carbon-hydrogen bond cleavage is fully ratelimiting. A reasonable conclusion from these data is that the hydroxyl proton of lactate is
not in flight in the transition state for cleavage of the lactate carbon-hydrogen bond. This
is fully consistent with the predictions of a carbanion mechanism for this enzyme.
However, the data cannot rule out an alternative mechanism in which the hydroxyl
proton is removed in an equilibrium coupled to an enzyme conformational change which
occurs prior to cleavage of the carbon-hydrogen bond by hydride transfer.
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CHAPTER III

ROLE OF TYR254 IN THE REACTION CATALYZED BY
FLAVOCYTOCHROME B2

INTRODUCTION
The enzyme flavocytochrome b2 from the yeast Saccharomyces cerevisae
catalyzes the oxidation of L-lactate to pyruvate. The enzyme is composed of four
identical subunits each containing an FMN and a heme b2 cofactor (47). The catalytic
cycle begins with the oxidation of lactate and the transfer of a hydride equivalent to the
FMN cofactor. After FMN reduction, a series of single electron transfer steps takes place
between the flavin and the heme, until the electrons reach the final acceptor, cytochrome
c in vivo (12). The structure of the wild-type native enzyme complexed with pyruvate
has been solved at a resolution of 2.4 Å (14).
The chemical mechanism of CH bond cleavage by Flb2 has been the subject of
intense investigation with conflicting results. There are several reports that support a
carbanion mechanism for proton abstraction (45, 48), while others support a hydride
transfer mechanism (9, 70). Since there is no crystal structure with lactate in the active
site, the conformation of bound substrate has been modeled by replacing pyruvate with
lactate (24). In the active site, the lactate hydroxyl can be positioned to hydrogen bond to
either His373 or Tyr254 (Scheme 15). If the lactate hydroxyl is hydrogen bonding with
Tyr254, the α hydrogen points towards His373, which would abstract the proton to form
the carbanion intermediate; Tyr254 is proposed to facilitate electron transfer by
deprotonating the substrate hydroxyl (Scheme 15 a) (24). In the alternative position the
hydroxyl hydrogen points towards His373. This residue would abstract the hydroxyl
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proton as the hydride is transferred to the FMN in a concerted mechanism (Scheme 15 b)
(13, 24).
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Scheme 15 presents the proposed mechanisms for lactate dehydrogenation by
flavocytochrome b2: a, carbanion mechanism, in which His373 abstracts the alpha proton
from lactate to form a carbanion and Tyr254 hydrogen bonds with the OH group; b,
concerted hydride transfer mechanism in which His 373 abstracts the hydroxyl proton as
the alpha proton is transferred as a hydride directly to the FMN.
In the two chemical mechanisms for Flb2, Tyr254 would play a role in binding to
the hydroxyl proton in the Michaelis complex (Scheme 15). The Y254F enzyme has
been constructed and partially characterized and the crystal structure has been solved
(24, 71, 72). The phenyl ring of the Y254F enzyme is in the same position as the phenol
group in the wild-type enzyme, while pyruvate is found in a slightly different
conformation. The resolution was only at 2.9 Å, making analysis for mechanistic
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interpretation speculative. The mutant enzyme shows a decrease in the Vmax and V/Klactate
values of around 50 fold, and an increase in the DVmax and D(V/Klactate) values to 5
compared to 3 in the wild type enzyme. Interestingly, there is no effect on the binding of
lactate or the binding of several competitive inhibitors. Based on the observed effects on
catalysis it was concluded that Tyr254 plays a role in transition state stabilization (24).
These reports failed to explain the discrepancy between the proposed role in binding and
the lack of effect on the Kd for lactate in the mutant enzyme. More importantly, the
specific role in transition state stabilization attributed to Tyr254 is not described. In this
work, an alternative mechanism is described that is consistent with the experimental
data.

EXPERIMENTAL PROCEDURES
Materials. Sodium L-[2-2H]-lactate (98%) and deuterium oxide (99.9%) were
purchased from Cambridge Isotope Co., Andover, MA. Lithium L-Lactate and D,Llactate were from Sigma Chemical Corporation (St. Louis, MO). Restriction
endonucleases were from New England Biolabs Inc. Pfu DNA polymerase was obtained
from Stratagene USA. Hydroxyapatite was from BioRad laboratories (Hercules, CA) .
All other reagents were of the highest purity commercially available.
DNA Manipulation. The mutagenesis of Tyr254 to phenylalanine was performed
following the QuikChange protocol (Stratagene). The sense primer used was
5’CAATGGTACCAACTATTTGTTAACTCTG’3. The primers were purchased from
the Gene Technology Laboratory at Texas A&M. Plasmids were purified using kits from
Qiagen Inc. The coding region was sequenced to ensure that no unwanted mutations
were incorporated during the polymerase chain reaction.
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Cell Growth and Enzyme Purification. Cells were grown and enzymes were
purified following published protocols (70).
Enzyme Assays. Initial rate assays were performed in 100 mM potassium
phosphate, 1 mM EDTA, 1 mM potassium ferricyanide, pH 7.5, 25 °C, with varied
concentrations of L-lactate or L-[2-2H]-lactate, by following the decrease in absorbance
at 420 nm and using an ε420 value for ferricyanide of 1.04 mM-1cm-1. Concentrations of
lactate were determined by end point assays with wild type flavocytochrome b2.
For pH studies, the buffer was 50 mM Bis-Tris at pH 5.5-7.0, 150 mM HEPES at
pH 7.0-8.5, and 50 mM ethanolamine at pH 8.5-10.0. All assays were done in the
presence of 1 mM potassium ferricyanide at 25 °C. Solvent isotope effect were done in
the same buffers made up using 99.9% deuterium oxide and adjusting the pD with DCl
and NaOD as needed, adding 0.4 to the value indicated by the pH meter (58). Steady
state kinetic solvent isotope effects were determined in 100 mM phosphate, 1 mM
EDTA, pH 7.5 or pD 8.0, with 1 mM potassium ferricyanide. For rapid reaction
analyses, heme reduction was monitored at 557 nm on an Applied Photophysics
SX.18MV stopped-flow spectrophotometer. Enzyme in 100 mM potassium phosphate, 1
mM EDTA, pH 7.5, was mixed with an equal volume of the same buffer containing
varied concentrations of lactate at 25 °C.
Data Analysis. The data was analyzed using the programs Kaleidagraph
(Adelbeck Software, Reading, PA), KinetAsyst (IntelliKinetics, State College, PA) or
Igor (Wavemetrics, Lake Oswego, OR). Initial rate data were fit to the MichaelisMenten equation. Primary deuterium and solvent isotope effects were calculated using
equation 2, which describes separate isotope effects for the Vmax and V/Klactate values. Fi
is the fraction of heavy atom substitution in the substrate, EV is the isotope effect on the
Vmax value minus 1, and EVK is the isotope effect on the V/ Klactate value minus 1. The pH
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profiles were obtained by fitting the Vmax and V/ Klactate values obtained at each pH to
equation 5; here, K1 and K2 are the dissociation constants of the ionizable groups, and C
is the pH independent value of the specific kinetic parameter. Stopped-flow traces were
fit to equation 8 which describes a biphasic exponential decay; λ1 and λ2 are the first
order rate constants for each phase; A1 and A2 are the absorbance of each species at time
t and A∞ is the final absorbance. The rate of the rapid phase, at different concentration
of tryptophan was analyzed using equation 8, here kred is the maximum rate of flavin
reduction and Kd is the apparent dissociation constant for the substrate.
VA
v = K (1 + F (E ))+ A (1 + F (E ))
m
i
vk
i v

log Y = log

C
H K2
1+ K + H
1

(2)

(5)

A= A∞ + A1e-λ1t + A2 e-λ2t

(9)

kredA
kobs = K + A

(8)

d

RESULTS
Steady State Kinetic Parameters. The effect of removal of the hydroxyl group of
Tyr254 was measured under steady state conditions with ferricyanide as the final
electron acceptor. The Vmax value decreased 40 fold while the V/Klactate value decreased
close to 60 fold compared to wild-type values (Table 5) . The Km for lactate remains
unchanged for the Y254F enzyme. These values are consistent with previously reported
data (24, 72). The changes in the steady state kinetic parameters clearly indicate that the
hydroxyl group of Tyr254 is important for enzymatic activity. For the wild-type enzyme
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the DVmax and D(V/Klactate) values are close to 3, consistent with CH cleavage being
partially rate limiting. Removal of the hydroxyl group at position 254 makes this step
more rate limiting as indicated by the increase in the DVmax and D(V/Klactate) values to
around 5 (Table 6). These values are close to the intrinsic isotope effect value of 5.4 for
the wild-type enzyme (70).
Solvent Isotope Effects. In the wild-type enzyme, the D2O(V/Klactate) value is
slightly inverse with a value of 0.90 while the D2OVmax value is 1.38 (70). For the Y254F
enzyme the D2OVmax increases and the

D2O
(V/Klactate)

becomes slightly normal (Table

6). These results indicate that OH bond cleavage is not rate limiting on V/Klactate while a
solvent sensitive step is partially rate limiting on Vmax. The solvent isotope effect on the
wild-type enzyme was previously determined to be on a step after CH bond cleavage
(70). Solvent isotope effects were also measured using L-2-2H-lactate. For the wild-type
enzyme the D2OVmax decreases with the deuterated substrate. For the Y245F enzyme the
larger D2OVmax value also decreases with deuterated substrate
pH Profiles. The effects of pH on the Vmax and V/Klactate values for the Y254F
enzyme were determined. The V/Klactate pH profile for the Y254F enzyme is bell-shaped
consistent with two ionizable groups in the free enzyme (Figure 6). One group needs to
be protonated for activity with a pKa value of 8.9, and another group needs to be
unprotonated for activity with a pKa value of 5.2. The Vmax pH rate profile for this
mutant enzyme is also bell-shaped, consistent with two ionizable groups being important
for catalysis; one group with a pKa value of 10 must be protonated for activity, and the
other group with a pKa value of 5.2 needs to be unprotonated. The pKa values are very
similar to the values for the wild-type enzyme (Table 7 and Figure 6) (70, 73).
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Table 5. Steady State Kinetic Parameters and Primary Isotope Effects on the Oxidation
of Lactate by Wild-type and Y254F Flavocytochromes b2*
Enzyme
wild-typea
Y254F

V, s-1
372 ± 12
11 ± 0.4

V/ KlactatemM-1 s-1

Klactate mM

2300 ± 215

0.16 ± 0.02

44 ± 5

0.25 ± 0.03

*Conditions: 100 mM potassium phosphate, 1 mM EDTA, and 1 mM ferricyanide pH
7.5, 25˚C.
a
From reference (70).
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Table 6. Primary and Solvent Kinetic Isotope Effects on the Oxidation of Lactate by
Wild-type and Y254F Mutant Flavocytochrome b2*
wild-typea

Enzyme
D

Y254F

V

2.9 ± 0.1

5.6 ± 0.3

(V/K)

3.0 ± 0.3

4.2 ± 0.6

D2O
V

1.38 ± 0.07

1.70 ± 0.07

D2O
(V/K)

0.90 ± 0.04

1.2 ± 0.1

D

D2O
VD
D2O
(V/K)

1.1 ± 0.03
D

0.87 ± 0.1

1.38 ± 0.06
1.33 ± 0.3

*Conditions: 100 mM potassium phosphate, 1 mM EDTA, and 1 mM ferricyanide, pH
7.5 or pD 8.0, 25˚C.
a

From reference (70).
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Table 7. pKa Values for Wild-type and Y254F Enzymes*
Enzyme

Parameter

pK1

pK2

wild-typea

Vmax

5.6 ± 0.1

9.4 ± 0.1

V/Klactate

5.8 ± 0.1

8.9 ± 0.1

Vmax

5.2 ± 0.2

10.0 ± 0.1

V/Klactate

5.2 ± 0.2

8.9 ± 0.1

Y254F

*Conditions: 100 mM potassium phosphate, 1 mM EDTA, and 1 mM ferricyanide, pH
7.5, 25˚C.
a
From reference (70).
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Table 8. Rapid Reaction Kinetic Parameters for the Oxidation of Lactate by Wild-type
and Y254F Flavocytochromes b2*
kred. s-1
kred/Klactate, mM-1 s-1
Klactate, mM
Enzyme
wild-type
Y254F

226 ± 11
6.6 ± 0.4

1090 ± 200
37 ± 5

0.21 ± 0.04
0.18 ± 0.03

*Conditions: 100 mM potassium phosphate, 1 mM EDTA, pH 7.5, 25˚C.
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Viscosity Effects. Since the solution viscosity is higher in D2O than in H2O, the
effects of viscosity on the kinetic parameters were determined. For the wild-type enzyme
in solutions of higher viscosity there is an increase in the V/Klactate value. For the Y254F
enzyme, the V/Klactate value also increases as the solution viscosity increases. Unlike
wild-type Flb2, for Y254F enzyme the Vmax value is not sensitive to the changes in
solution viscosity (Figure 7).
Rapid Reaction Kinetics. Measurement of the rate of FMN reduction for the
Y254F enzyme was not possible since the mutation decreases the rate of FMN reduction
such that this step is in competition with reoxidation by a slow electron transfer between
prosthetic groups in the tetrameric enzyme (data not shown)(56). Instead the rate of
heme reduction was measured in the stopped-flow spectrophotometer. For both the wildtype and Y254F enzymes the heme reduction follow a biphasic increase in absorbance at
557 nm, with slow and fast phases where only the fast phase is substrate dependent
(Figure 8). The kred and the kred/Kd values are very close to the Vmax and V/Klac values
(Table 8). The values for the wild-type enzyme are consisted with previously reported
values (45).
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FIGURE 7. Effects of viscosity on the steady state kinetic parameters for wild-type
flavocytochrome b2 (z) and the Y254F enzyme (O). Panel A shows the effect on the
Vmax value and panel B the effect on the V/Klactate value when the viscosity is increased
with glycerol. The dashed line has a slope of one and indicates the expected results for a
fully diffusion limited reaction. Wild-type values are from reference (70).

54

8

4

k

obs

,s

-1

6

2
0

0

1

2
3
[Lactate], mM

4
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DISCUSSION
The chemical mechanism of Flb2 has been a subject of investigation by several
research groups (12, 46, 70). The mechanism of Flb2 has been assumed to be similar to
the mechanism of the flavoenzyme D-amino acid oxidase (DAAO), a flavoenzyme that
oxidizes D-amino acids to the corresponding keto acids (2, 74). CH bond cleavage in
DAAO was thought to occur via a carbanion mechanism (4, 75) until the three
dimensional structure of the pig kidney enzyme was solved. The active site of DAAO
does not contain an amino acid residue to act as base to abstract the proton at the αposition to form the proposed carbanion intermediate (9, 76). The discrepancy between
the experimental and structural data has motivated the reevaluation of the mechanism of
DAAO and related enzymes. Recent reports have provided evidence that is consistent
with a mechanism involving the direct hydride transfer of the α-H to the flavin in
DAAO (10). The mechanism of Flb2 has been probed previously with primary and
solvent deuterium isotope effects using the wild-type and mutant enzymes (70). The
results were inconsistent with a concerted hydride transfer mechanism; instead a
stepwise hydride transfer mechanism was proposed, in which abstraction of the hydroxyl
proton of lactate by His373 is coupled to a conformational change prior to hydride
transfer to the flavin (Scheme 16). A carbanion mechanism in which Tyr254 acts as a
base requires this residue to be ionized for catalysis (Scheme 15a). Comparison of the
Vmax and V/Klactate pH rate profiles for wild-type and Y254F clearly show that Tyr254 is
not the residue responsible for the observed pKas (Table 5 and Figure 6). This suggest
that for Tyr254 to be ionized in the wild-type enzyme its pKa value must be less than 5.
If instead Tyr254 is in the neutral form its pKa value must be greater than 10, a much
smaller perturbation. For abstraction of the OH proton a base will be needed to be
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deprotonated Tyr254. Although there are no residues in close proximity to Tyr254 to act
as base, a water molecule might play this role.
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Scheme 16 presents the proposeed stepwise hydride transfer mechanism of
lactate oxidation in flavocytochrome b2. The active site His373 abstracts the proton from
the hydroxyl group of lactate forming the alkoxide intermediate which is stabilized by
hydrogen bonding with Tyr254.
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The inverse D2O(V/Klactate) value for the wild-type has been proposed to arise
from an isomerization step that is favored in deuterium oxide and is coupled to OH
bond cleavage (Scheme 16) (70). In the mutant enzyme the precision for the
D2O
(V/Klactate)

value is too low to permit confident analyses. The D2OVmax value in the

wild-type arises from a step after flavin reduction, possibly in the electron transfer step
(70). The D2OVmax value for the wild-type enzyme decreases when [2-2H]-lactate is used
as substrate. Similarly, for the Y254F enzyme the D2OVmax value decreases with [2-2H]lactate (Table 6). In both cases the results are consistent with the solvent sensitive step
occurring on a different step than CH bond cleavage. In addition, the kred value for the
Y413F enzyme is close to the Vmax value, indicating that CH bond cleavage limits the
catalytic cycle in the mutant enzyme (Table 8). It follows then that the D2OVmax value
arises from a step involving electron transfer to the final electron acceptor.
The V/Klactate values for the wild-type and Y254F enzyme show a slight increase
as the viscosity increases (Figure 7B)(70). For the wild-type enzyme this increase in the
V/Klactate value was proposed to arise from an isomerization step which is sensitive to
solution viscosity. Since in the Y254F enzyme a similar increase in the V/Klactate values
is observed it is reasonable to conclude that this step has not been affected in the mutant
enzyme. In the wild-type enzyme a solvent sensitive step such as product release
partially limits the Vmax value. In the mutant enzyme, since CH cleavage is more rate
limiting the Vmax value is not sensitive to solution viscosity (Figure 7A).
The stepwise hydride mechanism of Scheme 16 (70) provides a scenario for the
role of Tyr254 that is consistent with all of the experimental data. The decrease in the
values of the steady state kinetic parameters and the increase in the deuterium isotope
effects are consistent with Tyr254 playing a role in transition state stabilization,
specifically in stabilization of the alkoxide prior to hydride transfer to the flavin. The
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lack of effect on the Klactate value, which has been determined to be equal to the Kd (16),
is consistent with this residue not interacting with lactate in the Michaelis complex
(Tables 5 and 8). This is also consistent the lack of increase in the Ki values for various
competitive inhibitors with the Y254F and Y254L enzymes (72).
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CHAPTER IV

CHARACTERIZATION OF THIOLACTATE AS SUBSTRATE FOR
FLAVOCYTOCHROME B2

INRODUCTION
The availability of mutant enzymes where the chemical step is rate limiting has
proven to be very useful in the study of enzyme mechanisms. Similarly, the use of
isotopic labeling of substrates can provide valuable information about mechanisms of
enzyme catalysis (77, 78). Substrates where chemistry is rate limiting or with slightly
different chemical properties can also be employed to understand enzyme mechanisms in
great detail.
The mechanism of oxidation of lactate to pyruvate by flavocytochrome b2 (Flb2)
involves cleavage of CH and OH bonds. The characterization of a substrate for Flb2 with
different chemical properties either in the CH or OH bond can provide information about
the mechanism of this enzyme. In lactate the OH group can be replaced by SH and the
chemical properties of the SH can be useful in determining the mechanism of the
reaction catalyzed by Flb2. The partial characterization of thiolactate as substrate for Flb2
is presented in this chapter.

EXPERIMENTAL PROCEDURES
Materials. Thiolactate (98%) was purchased from Aldrich Chemical Co.
(Milwaukee, WI). Lithium L-Lactate and D,L-lactate were from Sigma (St. Louis, MO).
Hydroxyapatite was from Bio-Rad Laboratories (Hercules, CA).
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Enzyme Preparation and Data Analysis. The expression and purification of wildtype and D282N enzymes and data analysis were done as described in Chapter II.
DNA Manipulation. The plasmid containing the gene for the D282N enzyme was
a generous gift from Dr. Florence Lerderer. Site directed mutagenesis of His373 to
glutamine was performed following the procedure the QuikChange protocol (Stratagene)
with the primers 5’-GGTGGTTCTATCCAATCAAGGTGGTAGACAATTAGA- 3’ and
5‘- TCTAATTGTCTACCACCTTGATTGGATAGAACCACC -3’. The H373Q
mutation was introduced into the genes for the wild-type enzyme and the flavin domain
enzyme (70).
Assays. Steady state kinetic assays were performed using cytochrome c as the
final electron acceptor. The Km value for cytochrome c was determined by monitoring
the increase in the absorbance at 550 nm in an assay containing 100 mM potassium
phosphate, 1mM EDTA, and either 5 mM L-lactate or 5 mM thiolactate at pH 7.5 and 25
°C. A path length of 0.4 cm was used, and an ε550 value of 20.5 mM-1cm-1 for
cytochrome c (16). Steady state assays with varied concentrations of lactate and
thiolactate were performed in 100 mM potassium phosphate, 1 mM EDTA, and 400 µM
cytochrome c at pH 7.5 and 25 °C. Again, a path length of 0.4 cm was used, and the
reaction was monitored following the increase in absorbance of cytochrome c at 550 nm.
Assays were initiated by the addition of 10 µL of enzyme to a final concentration of
0.0135 µM for the wild-type enzyme and 0.31 µM for the D282N enzyme in a final
volume of 1 ml. Initial rates were analyzed using the Michaelis-Menten equation.
Rapid Reaction Kinetics. Rapid reaction kinetic measurements were performed
with a Applied Photophysics SX.18MV stopped-flow spectrophotometer. The enzyme in
100 mM potassium phosphate and 1 mM EDTA at pH 7.5 was mixed with an equal
volume of the same buffer containing various amounts of thiolactate or lactate at 25 °C.
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The flavin reduction was followed at 438 nm and heme reduction at 550 nm. Analysis of
the stopped-flow traces and steady was done as indicated in chapter I.

RESULTS
Wild-Type Flavocytochrome b2. The first challenge in this research was to
determine an electron acceptor which could be used for assays of both lactate and
thiolactate. Because ferricyanide has been proven to be an effective electron acceptor in
steady-state analysis with lactate, ferricyanide was tried first as an electron acceptor.
However, thiolactate was found to reduce ferricyanide in the absence of enzyme;
therefore, another electron acceptor had to be found. Dichloroindophenol (DCIP) was
also tried, and again the thiolactate reduced the DCIP in the absence of the enzyme.
Finally, cytochrome c was tried as an electron acceptor and was found to have minimal
background activity with thiolactate alone. Therefore it was chosen as the electron
acceptor in the kinetic assays. The KM value for cytochrome c was determined for the
wild-type enzyme at 5 mM lactate or thiolactate. The Kcytochrome c value with thiolactate is
about one third that with lactate (Table 9).
With cytochrome c as electron acceptor the steady state kinetic parameters of
both substrates were determined. The Vmax and V/K values are shown in Table 10.
Comparing the values of thiolactate to those of lactate suggest that thiolactate is a
reasonably good substrate for the wild-type enzyme.
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As an alternative approach, a stopped-flow spectrophotometer was used to
measure the rates of reduction of the prosthetic groups in the wild-type enzyme. At low
concentrations of thiolactate after reduction of the flavin or heme, reoxidation of the
cofactor was observed. This was diminished at higher concentration of thiolactate. In
order to obtain the rate of reduction only the first 2 s of the traces were analyzed (the fast
phase is over in less than one second). The rate of flavin reduction was monitored at 438
nm with both lactate and thiolactate in the absence of cytochrome c. The kred and kred/Kd
values for thiolactate indicate that it is a good substrate for wild-type Flb2 (Table 11).
The rate of heme reduction was monitored at 550 nm. The results of this experiment can
be found in Table 12. Again, comparing the values found for thiolactate to those for
lactate further support the conclusion of thiolactate being a good substrate for Flb2.
D282N Flavocytochrome b2. The results from the steady state kinetic assays with
the D282N enzyme are shown in Table 10. In agreement with values found in previous
work, the Vmax and V/K values for lactate are reduced significantly compared to the wildtype values (17, 70). The Vmax and V/K values with thiolactate as a substrate are also
reduced as compared to wild-type values. In addition, the rate of heme reduction was
measured by stopped flow with 5 mM lactate or thiolactate. The kred value for lactate is
close to that for thiolactate.
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Table 9.Wild-type Flavocytochrome b2 Steady-State Kinetic Parameters for
Cytochrome c
Substrate

V, s-1

V/ Kcytochrome c ,µM-1s-1

Kcytochrome c , µM

Lactate

163 ± 16

0.79 ± 0.09

207 ± 45

Thiolactate

30 ± 2.0

0.39 ± 0.05

78 ± 15

Conditions: 100 mM potassium phosphate, 1 mM EDTA, 5 mM lactate or thiolactate,
concentration of cytochrome c varied from 30 µM to 400 µM at pH 7.5 `and 25 °C.
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Table 10. Steady-State Kinetic Parameters for the Oxidation of Lactate and Thiolactate
by Wild-type and the Mutant D282N Flavocytochromes b2
Lactate
enzyme

V (s-1)

Thiolactate

V/ Klactate,

Klactate,

mM-1s-1

mM

V , s-1

V/ Kthiolactate,
mM-1s-1

wild-type

81 ± 5

258 ± 46

0.31 ± 0.07

32 ± 4

D282N

3.1 ± 0.2 8.8 ± 1.5

0.35 ± 0.07

1.3 ± 0.1

Kthiolactate,
mM

39 ± 11

0.90 ± 0.04

9±2

0.15 ± 0.05

Conditions: 100 mM potassium phosphate, 1 mM EDTA, and 400 µM cytochrome c,
and varying concentrations of lactate and thiolactate from 0.1 mM to 6.0 mM at pH 7.5
and 25 °C.
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Table 11. Rapid Reaction Kinetic Parameters for the Oxidation of Lactate and
Thiolactate by Wild-type Flavocytchrome b2 measured at 438 nm
Substrate

kred, s-1

kred / Kd,
mM-1s-1

a
b

Kd,
mM

Lactatea

520 ± 19

1100 ± 78

0.47 ± 0.05

Thiolactate b

156 ± 19

53 ± 8

2.9 ± 0.7

From reference (70).
100 mM potassium phosphate and 1 mM EDTA, varying concentration of lactate and

thiolactate from 0.3 mM to 5.0 mM at pH 7.5 and 25 °C.
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Table 12. Rapid Reaction Kinetic Parameters for the Oxidation of Lactate and
Thiolactate by Wild-type and the Mutant D282N Flavocytchromes b2 Measured
at 550 nm
Parameters

wild-type

D282N

Lactate
kred, s-1

226 ± 11

4.8 ± 0.4a

kred / Klactate,mM-1s-1

1089 ± 199

NDb

Klactate, mM

0.21 ± 0.05

NDb

Thiolactate
kred , s-1

84 ± 8

3.1 ± 0.06 a

kred / Kthiolacte., mM-1s-1

33 ± 4

NDb

Kthiolactate, mM

2.5 ± 0.5

NDb

Conditions: 100 mM potassium phosphate and 1 mM EDTA, varying concentration
of lactate and thiolactate from 0.3 mM to 5.0 mM at pH 7.5 and 25 °C.
a

Assays were done at 5 mM of substrate.

b

Not determined.
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DISCUSSION
The reaction of Flb2 involves the cleavage of CH and OH bonds. In previous
studies the relative rates of these bonds have been probed by labeling the compound with
deuterium instead of hydrogen. CH bond cleavage has been determined to be partially
rate limiting for the wild-type enzyme and more rate limiting for several mutant enzymes
(45,70,18,72).
In order to gain insight into the chemical mechanism of flavocytochrome b2, the
use of thiolactate as an alternative substrate can be a useful tool, since the SH group has
a lower pKa than the OH in lactate. This different chemical property in combination with
pH effects can potentially allow to probe the ionization of the SH group and thus of the
OH in the transition state of Flb2. In the work described here, thiolactate was
characterized as a substrate for the wild-type enzyme. The Vmax value with thiolactate is
within 5 fold of the value for lactate, while the V/K value is 6 fold lower with this
substrate. The rate of reduction of the flavin and heme groups are only 3 and 7 fold
lower than with lactate, while the (kred/K) values with thiolactate for flavin and heme
reduction are 20 and 33 fold lower. The steady state and rapid reaction kinetic results
indicate that thiolactate is a good substrate for wild-type Flb2.
In the active site of Flb2 Asp282 is proposed to orient His373 in the proper
position for proton abstraction (18). In the D282N enzyme the CH bond cleavage
becomes totally rate limiting, indicating that the interaction between Asp282 and His373
is important for catalysis. With this mutant enzyme the values for the kinetic parameters
with thiolactate are almost identical to those with lactate. Additionally, with thiolactate
as substrate the mutation of Asp282 to asparagine has a decreased effect on the V/K
value (Figure 9). This result suggests that with the weaker SH bond it is easier for the
D282N enzyme to catalyzed the reaction. Mechanistically this indicates that the His373
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abstracts the proton at the OH position. Characterization of the H373Q enzyme will
provide further information.

0.2

(V/K)

D282N

/(V/K)

wild-type

0.4

0.1

0
Lactate

Thiolactate
Substrate

FIGURE 9. Ratio of the activities of D282N and wild-type enzymes
with thiolactate and lactate.
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CHAPTER V

ANALYSIS OF THE ROLES OF AMINO ACID RESIDUES IN THE
FLAVOPROTEIN TRYPTOPHAN 2-MONOOXYGENASE MODIFIED BY 2OXO-3-PENTINOATE: CHARACTERIZATION OF HIS338, CYS339, AND
CYS511 MUTANT ENZYMES

INTRODUCTION
Tryptophan 2-monooxygenase (TMO) [E.C. 1.13.12.3] from Pseudomonas
savastanoi catalyzes the oxidative decarboxylation of tryptophan to indoleacetamide,
carbon dioxide, and water (Scheme 17). This reaction is the first of two steps in the
bacterial pathway for synthesis of the plant hormone indoleacetic acid (79). Localized
high levels of indoleacetic acid at sites of infection result in the formations of knots or
galls on the infected plants (80).
Scheme 17

N
H

CH2 CH CO2- + O2
NH 3+

O
+ H2O
CH2 C NH2
N
H

+ CO2

TMO is a member of a family of generally poorly characterized flavoproteins
which catalyze the oxidative decarboxylation of amino acids (30, 81). The kinetic
mechanism of TMO has been determined with tryptophan as substrate (Scheme 18). In
the reductive half-reaction the substrate binds to the enzyme forming the imino acid
bound to the reduced flavin. In the oxidative half-reaction, oxygen reacts with the
reduced enzyme-imino acid complex to produce indoleacetamide and the oxidized FAD
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(29). Kinetic isotope effects have shown that CH bond cleavage is only partially rate
limiting with tryptophan as substrate, with product release limiting turnover. Studies of
the effects of pH on activity have shown that an amino acid residue in the free enzyme
Scheme 18
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EFlox P'
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k5

with a pKa value of 6 must be deprotonated and a second group with a pKa value of
about 10 must be protonated for activity. The temperature dependence of the pKa value
for indoleacetamide binding is consistent with a histidine residue being the ionizable
group with the pKa value of 6 (82).
Chemical modification studies of TMO using several reagents have indicated the
presence of histidine and cysteine residues at or near the active site (83). Recently,
Gadda et al. (84) characterized 2-oxo-3-pentynoate as an active site directed inactivator
of TMO; the sites of modification by 2-oxo-3-pentynoate were identified as the
conserved residues Cys339 and Cys511. In these studies, it was also noted that His338
was conserved in all the TMO’s described to date. Based on this conservation and the
results from kinetic analyses, it was hypothesized that H338 was also in the active site
(84). Site directed mutageneseswas used to investigate the roles of His338, Cys339 and
Cys511 in catalysis by TMO. The results of these studies are described in this chapter.

EXPERIMENTAL PROCEDURES
_

Materials. L-Tryptophan and L-methionine were purchased from USB
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(Cleveland, OH); indoleacetamide was from Sigma (St. Louis, MO); DEAE-Sephacel
and Phenyl-Sepharose were from Amersham Pharmacia (Uppsala, Sweden); and E. coli
M15 (pREP4) was from Qiagen (Valencia, CA).
DNA Manipulation. Plasmids containing the genes for the mutant proteins
H338N, C339A, and C511A enzymes in the expression plasmid pQE51 (Qiagen) were
generous gifts from Dr. Angelo Spena of the University of Verona. Mutagenesis of
Cys511 to serine was performed using the QuikChange protocol (Stratagene). The
protein coding regions for all the plasmids were sequenced to ensure that no unwanted
mutations were incorporated during the polymerase chain reaction. Plasmids were
transformed into E. coli M15.
Protein Expression and Purification. Wild-type and mutant enzymes were
expressed by inoculating six 1.5 L flasks of LB broth containing 100 µg/ml ampicillin
and 25 µg/ml kanamycin with 10 ml of an overnight culture. These were incubated at
37˚C until the A600 value reached 0.2-0.4. At this point isopropyl β-Dthiogalactopyranoside was added to a final concentration of 500 µM. After an additional
8 h at 30 oC, cells were collected by centrifugation. The cell paste was resuspended in
250 ml 100 mM Tris-HCl, 1 mM EDTA, 50 µM indoleacetamide, 0.5 mM dithiothreitol,
0.5 mM phenylmethylsulfonyl fluoride, 0.2 mg/ml lysozyme, pH 8.3. The resuspended
cells were lysed by sonication for eight cycles of 30 s each. The lysate was centrifuged
for 20 min at 20,000xg, the pellet was discarded, and the supernatant was brought to
0.55% (w/v) with polyethyleneimine, using a 0.1 g/ml stock solution in 100 mM TrisHCl, pH 8.3. After centrifugation for 20 min at 20,000xg, solid ammonium sulfate was
added to the supernatant to yield 60% saturation. The sample was stirred for 20 min; the
precipitate collected by centrifugation for 20 min at 20,000xg was dissolved in the
appropriate buffer for the subsequent column.
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The chromatographic steps for purification of the wild-type and mutant C511S
enzymes were as described previously (83). For purification of the C339A and H338N
enzymes, the 60% ammonium sulfate pellets were suspended in 20 mL of 50 mM TrisHCL, 1 mM EDTA, 0.5 mM dithiothreitol, 50 µM indoleacetamide, 10% glycerol, pH
8.3, and dialyzed for 8 h against 2 L of the same buffer with two buffer changes. The
sample was centrifuged for 20 min at 20,000xg and then loaded onto a DEAE-Sephacel
column (3x15 cm) equilibrated with the same buffer. The enzyme was eluted with a 600
ml gradient from 0 to 300 mM NaCl in the same buffer; the enzyme eluted in the middle
of the gradient at ~150 mM NaCl. Fractions containing TMO were pooled, brought to
60% ammonium sulfate saturation, and centrifuged for 20 min at 20,000xg. The pellet
was resuspended in 25 ml of 350 mM ammonium sulfate, 1 mM EDTA, 0.5 mM
dithiothreitol, 50 µM indoleacetamide, pH 8.3, clarified by centrifugation, and loaded
onto a Phenyl-Sepharose column (3x15 cm) equilibrated with the same buffer. The
enzyme was eluted with a 400 ml gradient of 350 mM to 0 mM ammonium sulfate; the
enzyme eluted one third through the gradient. Protein concentrations for the wild type
and mutant enzymes were calculated from the absorbances at 466 nm using an extinction
coefficient of 11.4 mM-1 cm-1 (83).
Enzyme Assays. Enzyme activity was routinely measured in air-saturated 50 mM
Tris-HCl, 1 mM EDTA, 0.5 mM dithiothreitol, pH 8.3, at 25 ˚C, by monitoring the rate
of oxygen consumption in a computer-interfaced Hansatech oxygen monitoring system.
Different oxygen concentrations were obtained by bubbling appropriate mixtures of
O2/N2 into the assay mixture until saturation was reached.
Data Analysis. Kinetic data were fit using the programs Kaleidagraph (Adelbeck
Software, Reading, PA) and Igor (Wavemetrics, Lake Oswego, OR). Initial rate
measurements were fit to the Michaelis-Menten equation. Isotope effects were calculated
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using equation 2, which describes separate isotope effects on the Vmax and V/Kaa values;
Fi is the fraction of heavy atom substitution in the substrate, Ev is the isotope effect on
Vmax minus 1, and EVK is the isotope effect on the V/Kaa value minus 1 (85). Inhibition
constants for indoleacetamide were calculated by fitting the data to equation 10. This
equation depicts the behavior of a competitive inhibitor where Ki is the inhibition
constant for that inhibitor.
VA
v = K (1 + F (E ))+ A (1 + F (E ))
m
i
vk
i v
v=

VA
I

Km 1 + K  + A

i

(2)
(10)

RESULTS
Protein Expression. To probe the roles of His338, Cys339, and Cys511 in
catalysis, the H338N, C339A, and C511A enzymes were constructed and expressed in E.
coli. While both the H338N and the C339A enzymes were readily expressed at levels
comparable to the wild type enzyme, their behavior during purification was different,
suggesting changes in the conformation of these enzymes. Specifically, these enzymes
did not bind to Phenyl-Sepharose in 350 mM potassium phosphate buffer. The
purification protocol was modified to account for this difference. Both enzymes would
bind to Phenyl-Sepharose in the presence of 350 mM ammonium sulfate after prior
purification by DEAE-Sephacel chromatography, thereby allowing their purification.
In contrast, it was not possible to obtain pure C511A enzyme in the active form.
The enzyme was expressed well and could be purified to homogeneity following the
protocol for the C339A and H338N enzymes. However, the resulting protein contained
no FAD and was inactive. All attempts to reincorporate the FAD into the mutant were
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unsuccessful. As an alternative approach, the C511S enzyme was constructed. This
enzyme proved to be better behaved and could be expressed and purified following the
protocol for the wild-type enzyme. The visible absorbance spectra of the three active
mutant proteins were not distinguishable from that of the wild type enzyme.
Steady State Kinetics. Steady state kinetic parameters were determined for the
mutant enzymes with tryptophan and methionine as the amino acid substrates (Table 13).
Neither the H338N nor the C339A mutation has a drastic effect on the kinetic
parameters with tryptophan as substrate. The V/Ktrp value decreases about 7 fold with
the H338N enzyme and about 3.5 fold for the C339A enzyme, compared to the wild type
values. The Vtrp value shows smaller effects. The V/KO2 value decreases 4 and 2 fold for
the H338N and the C339A enzymes, respectively. The KO2 values for the H338N and
C339A enzymes are similar to the wild-type value. The Vmax and V/K values for
methionine are also very close to the wild type values.
The steady state kinetic parameters with both amino acid substrates are altered
much more by the C511S substitution (Table 13). The Vmax value with tryptophan as
substrate only decreases about 2.6 fold, but the V/Ktrp value decreases close to 20 fold.
With methionine as substrate, the Vmax value decreases about 10 fold while the V/Kmet
value remains close to the wild-type value. The effects of this mutation on the oxidative
half reaction are similar to the effects of the C339A and H338N mutations. The V/KO2
value decreases approximately 5-fold and the KO2 value remains close to the wild-type
value.
Inhibition by Indoleacetamide. In order to examine the effect of the mutations on
binding, the inhibition constant for the competitive inhibitor indoleacetamide was
determined for all three mutant enzymes (Table 13). The Ki values for the C339A and
H338N enzymes are not significantly different from the Ki value for the wild-type
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enzyme. In the case of the C511S enzyme the Ki value for indoleacetamide increases 4fold. These results are consistent with the steady state results with tryptophan as
substrate, where only the C511S enzyme exhibits a significant change in the kinetic
parameters.
Kinetic Isotope Effects. Primary deuterium kinetic isotope effects with 2-2Htryptophan and 2-2H-methionine were measured for all three mutant enzymes (Table 14).
For the wild-type enzyme, both the DVtrp value and the D(V/Ktrp) value are small,
consistent with C-H bond cleavage being only partially rate limiting with this substrate
due to its high commitment to catalysis and rate-limiting product release (82). With the
H338N and C339A enzymes, the DVtrp and D(V/Ktrp) values are very close to those for
the wild-type enzyme. These results indicate that the relatives rates of chemical steps are
not greatly affected by these mutations. With the C511S enzyme the DVtrp value is not
significantly different from the wild type value, while the D(V/Ktrp) value increases. In
the case of the C511S mutant, the results suggest that substitution of this residue by
serine makes chemical steps more rate limiting.
With methionine as substrate for the wild-type enzyme, C-H bond cleavage is
more rate limiting (82). For the H338N and C339A enzymes, the values of the isotope
effects with methionine are very close to the values for the wild-type enzyme. In
contrast, both the DV and the D(V/Kmet) values are higher for the C511S enzyme (Table
14).
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DISCUSSION
Tryptophan monooxygenase is one of several flavoenzymes which catalyze the
oxidative deamination of α-amino acids to form amides. Others are lysine
monooxygenase (81, 86) and phenylalanine oxidase (30). Unlike the case with these
latter two enzymes, the catalytic mechanism of TMO has been analyzed by a range of
approaches, so that a detailed kinetic mechanism of the enzyme is available (29, 82).
Several active site-directed reagents have been used to identify catalytically important
residues. Both thiol and imidazole-directed reagents inactivate the enzyme in a manner
consistent with modification of active site residues, suggesting that cysteinyl and
histidinyl residues play critical roles (83). Cys338 and Cys511 were recently identified
as residues modified when TMO is inactivated by 2-oxo-3-pentynoate (84). Both
modification and inactivation are blocked by indoleacetamide, a reversible inhibitor
(84), suggesting that these residues are in the active site. Consistent with an important
role of these two residues, they are conserved in the several TMO sequences which are
available. The adjacent residue His338 is also conserved; its proximity to a residue
modified by 2-oxo-3-pentynoate and the inactivation of TMO seen upon treatment with
diethylpyrocarbonate (83) suggested that this residue may also be in the active site (84).
The results described here rule out a critical catalytic role for either Cys339 or His338,
but do suggest that Cys511 may play an important role. In the case of the C339A
enzyme, there are only small changes in the kinetic parameters. The Vmax value and the
V/K values for both substrates decrease 2- to 3-fold. With methionine as substrate there
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Table 13. Steady State Kinetic Parameters of Tryptophan Monooxygenase Mutant
Proteins
kinetic
parameter
Vtrp, s-1

Enzyme
wild-type

H338N

C339A

C511S

13.2 ± 0.67

4.0 ± 0.2

10 ± 0.5

0.036 ± 0.004

0.083 ± 0.016

0.097 ± 0.015

0.25 ± 0.05

V/Ktrp, mM-1s-1

360 ± 37

50 ± 8

105 ± 13

19 ± 2

K O2(trp), mM

0.09 ± 0.01

0.11 ± 0.03

0.15 ± 0.08

0.28 ± 0.17

V/K O2(trp), mM-1s-1

140 ± 18

33 ± 6

65 ± 28

30 ± 13

Vmet, s-1

5.6 ± 0.23

4.8 ± 0.2

6.1 ± 0.42

0.70 ± 0.01

11 ± 1

14 ± 3

2.0 ± 0.16

Ktrp, mM

5 ± 0.2

Kmet, mM

22.4 ± 1.4

V/Kmet, mM-1s-1

0.25 ± 0.012

0.44 ± 0.06

0.42 ± 0.06

0.33 ± 0.02

16 ± 0.8

13 ± 3

28 ± 6

68 ± 8

Kindoleacetamide, µM

Conditions: 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothreitol, pH 8.3, 25 ˚C.

78

is no significant change in any kinetic parameter for the C339A enzyme. There is also no
change in any of the isotope effects with either substrate, consistent with chemical and
other steps being decreased by comparable amounts. These results are most consistent
with a subtle change in the overall structure of the protein which results in a slightly less
active conformation. The lack of an effect on the parameters with methionine as
substrate suggests that the conformational change results in a restricted active site which
binds indolic compounds less well, but still can bind smaller substrates effectively.
Mutagenesis of His338 to asparagine has a somewhat larger effect, but qualitatively the
effect of the mutation is the same as that of the C339A mutation. The decreases in the
V/K and Vmax values with tryptophan are about twice those seen upon mutation of the
adjacent residue, but those with methionine are unchanged. In addition, the isotope
effects with this enzyme are very close to those seen with both the wild type and the
C339A enzymes. Thus, His338 is likely to be involved in maintaining an active
conformation but is not directly involved in catalysis or binding. These results resemble
the effects of mutating the conserved histidine in D-amino acid oxidase. This residue,
His307 in the pig enzyme, forms an ion pair with an aspartate residue on the surface of
the protein near a loop which closes over the active site when substrate is bound (9).
Mutagenesis of this residue to serine decreases the rates of all steady state kinetic
parameters by about five fold (87).
Only in the case of C511S TMO do the kinetic parameters with both
methionine and tryptophan decrease significantly. Cys511 is clearly important for
maintaining the protein structure, since the C511A enzyme proved too unstable to
survive purification. Still, the very conservative replacement of the cysteine with serine
provides a stable enzyme, so that a thiol at this position is not essential. The kinetic
parameters given in Tables 1 and 2 can be used to determine the effect of the C511S.
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Table 14. Primary Deuterium Isotope Effects for Tryptophan Monooxygenase Mutant
Proteins
kinetic

wild-type

H338N

C339A

C511S

D

1.22 ± 0.07

1.11 ± 0.07

1.05 ± 0.05

1.23 ± 0.06

D

1.16 ± 0.25

1.26 ± 0.15

1.20 ± 0.08

1.92 ± 0.22

D

2.43 ± 0.15

2.50 ± 0.25

2.62 ± 0.05

2.90 ± 0.06

D

1.8 ± 0.3

2.20 ± 0.4

2.33 ± 0.08

2.70 ± 0.30

parameter
Vtrp
(V/Ktrp)
Vmet
(V/Kmet)

Conditions: 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothreitol, pH 8.3, 25 ˚C.
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mutation on the intrinsic rate constants of Scheme 18. The relationships between the
intrinsic rate constants and the steady state kinetic parameters are given by equations 1115 (88). Here, Dk3 is the intrinsic deuterium kinetic isotope effect on the rate constant for
the chemical step, k3. This has previously been determined with tryptophan and
methionine as substrates for wild type tryptophan monooxygenase to be 2.4 and 5.3,
respectively (29, 82). If it is assumed that the intrinsic isotope effects for the C511S
enzyme are unchanged from these values, equations 3-7 describe the five intrinsic rate
constants in terms of five measurable steady state kinetic parameters. Table 15 gives the
values of k1 – k7 calculated from the data of Tables 1 and 2 using equations 3-7.
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Table 15. Calculated Intrinsic Rate Constants for C511S Tryptophan Monooxygenase
tryptophan
Kinetic
Wild type
C511S
Parameter
enzyme
(~8)a
0.52 ± 0.25
cf
cvf
5.4 ± 1.7
5.1 ± 1.4
k1, mM-1s-1
(~400)a
55 ± 26
k2, s-1
(~17)a
58 ± 38
k3, s-1
84 ± 44
30 ± 13
a
(139 ± 4)
k5, mM-1s-1 140 ± 18
30 ± 13
k7, s-1
a

16 ± 6.6

6.0 ± 2.1

Values from references (29) and (82).

∆∆G‡

Wild type
enzyme
4.4 ± 1.7
2.0 ± 0.24
1.2 ± 0.3 0.31 ± 0.15
-0.7 ± 0.5
3.8 ± 1.6
0.61 ± 0.49 17 ± 3.2
0.91 ± 0.28
0.92 ± 0.29
0.58 ± 0.36

methionine
C511S
∆∆G‡
1.53 ± 0.32
1.26 ± 0.05
0.54 ± 0.14
1.04 ± 0.36
1.59 ± 0.43

8.4 ± 1.2 1.3 ± 0.34

-0.33 ± 0.37
0.77 ± 0.36
1.4 ± 0.2

1.1 ± 0.2
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With tryptophan as substrate, the values of k1 and k2 for the wild type enzyme
cannot be determined with any reasonable degree of precision. This is due to the large
value of k3/k2, which is between 7 and 15 (82). As a result the isotope effect on the
V/Ktrp value is too close to one to use equation 6 in the analysis of the data. Even with
that caveat the data of Table 15 indicate that binding of tryptophan is affected, with the
rate of association, k1, decreasing 5-fold or more. The rate of dissociation, k2, may in
fact be increased by the mutation, but the precision of the data and the uncertainty in the
value of k2 for the wild type enzyme make this less than certain. The several fold
increase in the Kd value for indoleacetamide is consistent with the association rate
constant decreasing more than the dissociation rate constant for that compound. This
decrease in affinity for the amino acid is not seen with methionine as substrate,
suggesting that it is the binding of the indole ring of tryptophan which is altered. Indeed,
there is a decrease in the Kd value for methionine in the C511S enzyme. The effects on
the rate of the chemical step are not significantly different with the two amino acid
substrates, with an average decrease of about six fold in k3. The rate constants for steps
in the oxidative half reaction, k5 and k7, also decrease 5 fold on average with both
substrates in the C511S enzyme. Thus, the changes in the steady state kinetic parameters
seen in the C511S enzyme are due to changes in a number of kinetic parameters. In no
case does a single rate constant decrease by more than an order of magnitude,
establishing that the thiol of Cys511 is not involved in catalytic steps as either an
acid/base catalyst or a nucleophile. A reasonable conclusion from these data is that
Cys511 is required to maintain the proper structure of the active site, but is not involved
in the actual chemistry.
Interpretation of the effects of these mutations and identification of active site
residues of TMO is clearly made more difficult by the absence of direct information on
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the three-dimensional structure of the protein. To identify possible homologous proteins
with known structure to aid in this analysis, a PSI-BLAST (89) search was made using
the P. savastanoi TMO sequence. This identified the flavoenzyme L-amino acid oxidase
as the most closely related enzyme, with e values of 10-8 to 10-12. The LAAO with the
most significant score is that from Calloselasma rhodostoma. This LAAO and P.
savastanoi TMO are 24% identical and 40% similar, well above the levels expected
solely from random chance. The similarity of the reactions catalyzed by TMO and
LAAO supports the identification of these enzymes as homologous. The reductive half
reactions of LAAO and TMO are the same, the oxidation of an L-amino acid with
transfer of a hydride equivalent to the FAD (90). The enzymes differ in the oxidative
half reactions, in that LAAO does not catalyze a subsequent oxidative decarboxylation to
form an amide. A sequence alignment of LAAO and TMO is shown in Figure 10.
Cys339, His338, and Cys511 are not conserved between the two enzymes, suggesting
that they are not required for the common catalytic reactions of the two enzymes.
The crystal structure of C. rhodostoma LAAO has been solved at 2.0 Å
resolution (27). Surprisingly, LAAO has the same fold as monoamine oxidase B (91).
When the program 3D-PSSM (92) is used to thread the sequence of TMO onto proteins
of known structure, a highly significant match is obtained with the structure of
monoamine oxidase B and an only slightly less significant match with LAAO. The
differences in the structural models of TMO built using MAO or LAAO are mostly in
the position of surface loops. The FAD binding domain of LAAO consists of three
discontinuous regions which correspond to residues 41-69, 276-346, and 496-536 in
TMO and thus includes the three residues analyzed here. Figure 11A shows the locations
of His338, Cys339, and Cys511 of TMO in a structure modeled on LAAO. His338 and
Cys339 are on a loop on the surface of the protein, adjacent to the adenosine portion of
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the FAD. Binding of indoleacetamide to the wild type enzyme results in changes in the
FAD spectrum (83), suggesting that there is a conformational change in the region of the
protein surrounding the flavin when the inhibitor binds. The decreased reactivity of
Cys338 with 2-oxo-3-pentynoate when indoleacetamide is bound (84) can be attributed
to propagation of the conformational change upon inhibitor binding to the loop
containing this residue, located as it is near the FAD. Conversely, mutagenesis of either
His338 or Cys339 could have subtle effects on the interactions of the protein with the
FAD, leading to the small and generalized changes in the kinetic parameters described
here. The differences in behavior during chromatography of these proteins are also
consistent with subtle changes in the protein surface.
TMO Cys511 corresponds to Glu457 in LAAO (Figure 10). A carboxylate
oxygen of this residue forms a hydrogen bond with a ribitol hydroxyl of the FAD in the
latter enzyme (27). Modeling shows that the thiol of a cysteine in the same position
would be within hydrogen bonding distance (2.7 Å) of the same flavin hydroxyl (Figure
11B). LAAO Glu457 is on one end of a loop which ends with Gly464, Trp465, and
Ile466. The first two of these residues form hydrogen bonds with the FAD, at N(1) and
the C(2) oxygen of the isoalloxazine ring, respectively. Gly464 and Trp465 also form
part of the binding site for the amino acid substrate. These three residues correspond to
Gly500, Trp501, and Ile502 in TMO and are also conserved in that enzyme (Figure 10).
The conservation of these residues in both TMO and LAAO suggests that they play
similar roles in both enzymes. We attribute the properties of the C511S protein to a
distortion of the interactions of the protein with the FAD and a loss of flexibility of the
active site due to the propinquity of Cys/Glu457 to residues critical for amino acid
binding. Replacement of this residue with alanine would be expected to weaken flavin
binding, consistent with the formation of inactive apoenzyme observed in attempts to
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purify C511A TMO. The more conservative C511S mutation would be able to form the
hydrogen bond to the flavin, but the much stronger interaction of oxygen relative to
sulfur could alter the dynamics of this region of the protein. Given the propinquity of
Cys511/Glu457 to these three conserved active site residues, a change in dynamics or
structure of the peptide backbone around Cys511 could be reflected in the binding site
for substrates. The effects of the mutation on the individual catalytic steps are consistent
with such a model.
In conclusion, characterization of the effects of mutagenesis of His338, Cys339,
and Cys511 rule out critical catalytic roles such as acid/base catalysis for these residues.
All three mutations result in changes in the rates of multiple steps in catalysis and
binding, with the C511S enzyme showing the greatest change. The structural effects of
the mutations can be interpreted upon identification of tryptophan monooxygenase and
L-amino acid oxidase as homologous proteins.
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FIGURE 10. Alignment of P. savastanoi tryptophan monooxygenase and C. rhodostoma
L-amino acid oxidase. The alignment was generated with the program PSI-BLAST,
using the TMO sequence as the probe. Residues conserved in both TMO and LAAO are
in bold. The asterisks indicate His338, Cys339, and Cys511 of TMO.
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FIGURE 11. Modeling of tryptophan monooxygenase using the L-amino acid oxidase
structure. A. Location of His338, Cys339, and Cys511. B. Proposed interaction between
Cys511 and the FAD in tryptophan monooxygenase. The structures were drawn using the
program SwisPDBViewer, the PDB file 1F8S, and the alignment of Figure 10.
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CHAPTER VI

TYROSINE 413 IN TRYPTOPHAN 2-MONOOXYGENASE, A MEMBER OF
THE L-AMINO ACID OXIDASE FAMILY, IS IMPORTANT FOR CATALYSIS
AND PROPER CONFORMATION OF THE ENZYME-INTERMEDIATE
COMPLEX

INTRODUCTION
The flavin containing enzyme tryptophan 2-monooxygenase (TMO; E.C.
1.13.12) catalyzes the oxidation of tryptophan to indoleacetamide, carbon dioxide and
water (Scheme 19) (93). TMO from Pseudomonas savastanoi contains one tightly
bound FAD cofactor per polypeptide of 61 kDa. The TMO gene in P. savastanoi is
present on a plasmid which also contains the gene for the enzyme indoleacetamide
hydrolase (79, 94). The presence of this plasmid and similar genes in Agrobacterium
tumefaciens allow these pathogenic bacteria to produce high levels of indoleacetic acid
from tryptophan at the site of infection. The indoleacetic acid induces the formation of
plant tumors known as galls. Crown gall diseases caused by A. tumefaciens in perennial
fruits and ornamental crops and olive knot diseases produced by P. savastanoi in olive
plants lower productivity and increase susceptibility of the infected plants to pathogens
and environmental stress (95).
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TMO belongs to a group of flavoenzymes that catalyzes the oxidative
decarboxylation of amino acids. Other members of this group are L-phenylalanine
oxidase (30), L-arginine 2-monooxygenase (31), and L-lysine 2-monooxygenase (32,
86). TMO is the only enzyme in this group for which both the kinetic and chemical
mechanisms have been studied in detail. Scheme 20 shows the kinetic mechanism for
TMO determined with tryptophan as substrate (29). Although the kinetic mechanism of
TMO is well understood, structural information about this and related flavoenzymes is
lacking. We have identified the flavoenzyme L-amino acid oxidase (LAAO) as a
homologue of TMO (96). Although the amino acid sequences of TMO and LAAO are
only 24 % identical, both enzymes oxidize L-amino acids to form imino acid
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intermediates in their respective reductive half-reactions (27, 82). TMO differs from
LAAO in catalyzing the decarboxylation of this intermediate in the oxidative halfreaction. The structure of Calloselasma rhodostoma LAAO with the inhibitor oaminobenzoate bound has been solved at 2.0 Å resolution (27). The carboxylate of the
inhibitor and by implication the amino acid substrate is bound to Arg90 and Tyr372
(Figure 12). The identification of Tyr413 as the residue corresponding to Try372 of
LAAO and the use of site directed mutagenesis to analyze the role of this residue in
catalysis is described in this chapter.

90

FIGURE 12. Active site of L-amino acid oxidase with aminobenzoate (AB) bound
showing the interactions with Arg90 and Tyr372. The figure was made using
SwissPDBViewer and the PDB file 1F8S.
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EXPERIMENTAL PROCEDURES
Materials. L-Tryptophan was purchased from USB (Cleveland, OH).
Indoleacetamide and glucose oxidase were from Sigma (St. Louis, MO). DEAESephacel and phenyl-Sepharose were from Amersham Pharmacia (Uppsala, Sweden). E.
coli M15 (pREP4) was from Qiagen (Valencia, CA) and catalase from Roche (Basel,
Switzerland). [α-2H]-L-Tryptophan was synthesized by the method of Kiick and Phillips
(97).
Methods. UV-Visible spectra were taken on a Hewlett-Packard Model 8458A
diode array spectrophotometer. The HPLC apparatus consisted of Waters 2475 pumps
with a Waters automated gradient maker, a Waters 625 scanning fluorescence detector,
and a Millenium software package. Rapid reaction kinetic measurements were
performed on an Applied Photophysics SX.18MV stopped-flow spectrophotometer.
DNA Manipulation. The plasmid pQE51 (Qiagen, Valencia, CA) was used for
expression of all proteins described here (96). Site directed mutagenesis was performed
using the QuikChange protocol (Stratagene). Plasmids were first transformed into
XL1Blue cells for selection and plasmid preparations. Plasmid purification was
performed using standard kits from Qiagen.
Protein Expression and Purification. Wild-type and mutant enzymes were
expressed in M15 E. coli cells. All Luria-Bertani (LB) broth and agar plates contained
100 µg/ml ampicillin and 25 µg/ml kanamycin. For each cell growth, the relevant
permanent stock was streaked onto a LB agar plate. A 60 ml LB broth culture was
inoculated with a single colony from this plate and incubated overnight at 37 °C. The
next day six flasks containing 1 L of LB broth were each inoculated with 10 ml of the
overnight culture. These cultures were incubated at 37 °C until the A600 reached a value
between 0.6-0.8. At that time isopropyl-β-D-thioglucanopyranoside was added to a final
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concentration of 0.5 mM, and the temperature was decreased to 28 °C. After 6-8 hrs,
cells were collected by centrifugation, and the resulting cell pellets were combined and
resuspended in 250 ml of 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM
phenylmethylsulfonyl fluoride, 50 µM indoleacetamine, 0.2 mg/ml lysozyme, pH 8.3.
Following lysis by sonication the lysate was spun at 20,000xg for 30 min. The
supernatant was brought to 0.5 % (w/v) polyethylenimine, using a 0.1 g/ml stock
solution in 100 mM Tris-HCl, pH 8.3. After centrifugation at 20,000xg for 20 min, the
supernatant was brought to 60% ammonium sulfate saturation by adding solid
ammonium sulfate. The solution was stirred for 20 min at 4 °C and spun for 30 min at
20,000xg. The resulting precipitant was resuspended in the appropriate buffer for
subsequent chromatographic steps.
The remainder of the purification of the wild-type TMO followed the procedure
of Emanuele et al. (83). For purification of the mutant enzymes, the 60% ammonium
sulfate pellet was resuspended in 25 ml of 50 mM Tris, 1 mM EDTA, 0.5 mM
dithiothreitol, 50 µM indoleacetamide, 10% glycerol, pH 8.3, and dialyzed against 2 L of
the same buffer overnight. After a buffer change and further dialysis for 6 h, the sample
was subject to centrifugation for 20 min at 20,000xg. The supernatant was loaded onto a
DEAE-Sephacel column (3x10 cm) previously equilibrated with the same buffer. The
enzyme was eluted from the column with a 600 ml gradient from 0-200 mM NaCl in the
same buffer. Fractions containing TMO were identified by polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulphate. Fractions containing TMO
were pooled, brought to 60% ammonium sulfate saturation, and precipitated by
centrifugation at 20,000xg for 20 min. The resulting pellet was resuspended in 50 mM
Tris, 1 mM EDTA, 50 µM indoleacetamide, 0.5 mM dithiothreitol, 10% glycerol, pH
8.3, dialyzed against the same buffer, and spun at 20,000xg for 20 min. Purified enzymes
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were stored at -80 °C at a concentration greater than 50 µM. Using this method 50-90
mg of enzyme were normally obtained. The concentrations of the wild-type and mutant
enzymes were calculated from the absorbance at 466 nm using an extinction coefficient
of 11.4 mM-1 cm-1 (83).
Indoleacetamide Removal. A saturated solution of ammonium sulfate in 50 mM
Tris, 1 mM EDTA, 1 mM dithiothrietol, pH 8.3, was added to an equal volume of
purified wild-type or mutant enzyme (~15 mg) and incubated at 4 ˚C for 20 min. After
centrifugation at 20,000xg for 20 min, the resulting pellet was resuspended in 10 ml of
100 mM phenylalanine, 50 mM Tris, 1 mM EDTA, 1 mM dithiothrietol, pH 8.3, and
incubated on ice for 20 min. An equal volume of a saturated solution of ammonium
sulfate in the same buffer was added, and the mixture was incubated on ice for another
20 min. After centrifugation at 20,000xg for 20 min, the resulting supernatant was
discarded. The procedure was repeated three times. The final pellet was resuspended in 5
ml of 100 mM phenylalanine, 50 mM Tris, 1 mM EDTA, 1 mM dithiothrietol, pH 8.3,
and dialyzed against 2 changes of 1 L of 50 mM Tris, 1 mM EDTA, 0.5 mM
dithiothreitol, 10% glycerol, pH 8.3, at 4 ˚C. After this treatment no trace of
indoleacetamide could be detected in the protein samples by HPLC analysis. The wildtype enzyme in the absence of indoleacetamide is stable if stored at –80 ˚C for several
months. This is not true for the Y413A and Y413F enzymes. The Y413A enzyme loses
activity after several days at –80 ˚C and thus was used immediately after removal of
indoleacetamide. The Y413F enzyme lost all activity in the absence of
indoleacetamide.
Enzyme Assays. TMO activity was routinely measured in 2.5 mM tryptophan,
250 µM oxygen, 1 mM EDTA, 0.5 mM dithithreitol, 50 mM Tris pH 8.3, at 25 °C, by
monitoring the rate of oxygen consumption in a computer interfaced Hansatech oxygen
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monitoring system (Norfolk, UK) or in a Yellow Spring Instrument model 5300 oxygen
electrode (Yellow Springs, OH) with a Servogor 124 (Leeds, UK) chart recorder. For the
Y413A and Y413F enzymes 20 mM tryptophan was used. For pH studies, the buffer was
52 mM Tris, 52 mM ethanolamine, and 100 mM ACES. Anaerobic conditions for
stopped-flow experiments were obtained by filling the system with a solution of 1 mM
EDTA, 0.5 mM dithiothreitol, 1 mM glucose, 50 mM Tris pH 8.3, containing 0.6 µM
glucose oxidase the night before the experiment was performed. Buffer and enzyme
solutions were made anaerobic by cycles of vacuum and flushing with oxygen free
argon. Hydrogen peroxide formation was determined by measuring the decrease in the
rate of oxygen consumption in the presence of 0.01 mg/ml catalase in a 1 ml assay
containing 17 mM L-tryptophan, 1 mM EDTA, 0.5 mM dithithreitol, 50 mM Tris, pH
8.3, at 25 ˚C.
Data Analysis. The kinetic data were analyzed using the programs Kaleidagraph
(Adelbeck Software, Reading, PA) and Igor (Wavemetrics, Lake Oswego, OR). Initial
rate data were fit to the Michaelis-Menten equation. Isotope effects were calculated
using equation 2. This equation describes separate isotope effects on Vmax and V/Ktrp; Fi
is the fraction of heavy atom substitution in the substrate, EV is the isotope effect on the
Vmax value minus 1, and EVK is the isotope effect on the V/Ktrp value minus 1. Inhibition
constants were obtained by fitting the data to equation 10 which describes the behavior
of a competitive inhibitor where Ki is the inhibition constant. The pKa values were
calculated using equations 5 and 16. Equation 5 describes a pH profile that is bell-shaped
and has two pKa values, where K1 and K2 are the dissociation constants for the ionizable
groups and C is the pH-independent value of the kinetic parameter. Equation 16 is
similar to equation 5 but with only one ionizable group which must be unprotonated.
Stopped-flow traces were fit to equation 9 which describes a biphasic exponential decay;
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A is the measured absorbance, λ1 and λ2 are the first order rate constants for the two
phases, A1 and A2 are the absorbances of species A and B at time t, and A∞ is the final
absorbance. The rates of flavin reduction as a function of amino acid concentration were
fit to equation 8, where kred is the maximum rate of flavin reduction and Kd is the
apparent dissociation constant for the substrate.
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RESULTS
Phenylalanine Scanning. In the crystal structure of LAAO with aminobenzoate
bound, Tyr372 hydrogen bonds to the carboxylate of the inhibitor in the active site. The
homology of TMO and LAAO suggests the presence of a similar tyrosine residue in the
active site of TMO. Although the N-terminal FAD binding domains (residues 36-100 in
TMO) are 44% identical, the C-terminal three quarters of the enzymes are only 24%
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identical (Figure 13). This low identity makes it difficult to confidently identify a
tyrosine residue in the C-terminal half of TMO as corresponding to Tyr372 in LAAO.
Ten tyrosines are conserved in the TMO sequences available in the data base. In order to
identify the tyrosine important for catalysis in TMO, each conserved tyrosine was
mutated to phenylalanine, and the mutant enzymes were expressed, purified and the
steady state kinetic parameters determined with tryptophan as substrate. Only mutation
of Tyr413 decreases the Vmax and V/Ktrp values more than four fold (Figure 14). This
result identifies Tyr413 as the most critical tyrosine residue in TMO and supports the
alignment of Figure 13 in which this residue aligns with Tyr372 of LAAO.
Steady State Kinetics of Y413F and Y413A TMO. Since the scanning mutagenesis
suggested that Tyr413 enzyme is important for catalysis, the steady state kinetics of the
Y413F enzyme was further characterized. In addition, the Y413A enzyme was expressed
and characterized. The results of the kinetic analyses are given in Table 16. The most
pronounced effect is on the V/Ktrp values which decrease at least two orders of
magnitude for both enzymes. Both mutations cause a decrease in the Vmax values, with a
greater effect on the Y413A enzyme. Smaller changes were seen in the V/KO2 values.
The inhibition constants for the competitive inhibitors indoleacetamide and
indolepyruvate were also measured. The Ki values for both inhibitors increase for both
mutant proteins, with larger effects for the Y413F enzyme. The Ki value for
indolepyruvate shows a larger increase than the Ki value for indoleacetamide with both
enzymes.
Primary Kinetic Isotope Effects. In order to obtain information about the effects of
mutation of Tyr413 on the rate of CH bond cleavage, the primary deuterium kinetic
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FIGURE 13. Amino acid sequence alignment of P. savastanoi tryptophan 2monooxygenase and C. rhodostoma L-amino acid oxidase. The alignment was generated
with the program PSI-Blast using the amino acid sequence of TMO as a probe. The
numbering for LAAO is that used in reference (27). The residues shown in italics were
not used in the alignment. The conserved amino acids are in bold. Tyr372 of LAAO and
Tyr413 of TMO are shown in white letters.
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FIGURE 14. Results of phenylalanine scanning mutagenesis of TMO. Apparent steady
state Vmax (gray bars) and V/Ktrp (clear bars) values for wild-type and mutant TMO were
determined as described in Experimental Procedures.
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isotope effects with tryptophan as substrate were measured. In the wild-type enzyme the
D

Vmax and D(V/Ktrp) values are very close to unity, indicating that CH bond cleavage is

not rate limiting (Table 16) (29). For the Y413F enzyme the DVmax and D(V/Ktrp) values
both increase to about 2. With the Y413A enzyme both isotope effects increase further to
a value of about 4 (Table 16).
Spectral Changes During Flavin Reduction. When wild-type TMO is mixed with
tryptophan in the absence of oxygen the absorbance between 350 and 520 decreases and
that above 520 increases (Figure 15) (29). These changes in absorbance are very rapid
and are followed by a slow decrease in absorbance at all wavelengths until the fully
reduced enzyme spectrum is formed. The long wavelength absorbance is due to the
reduced enzyme imino acid intermediate (29). With the wild-type enzyme in absence of
oxygen this intermediate dissociates at a rate of 0.0080 ± 0.003 s-1 to produce the free
reduced enzyme. In the reduction of the Y413A and Y413F enzymes the rapid decrease
in absorbance between 320 and 520 nm is also observed, but the spectrum of the reduced
flavin is obtained at a rate of 0.015 ± 0.004 s-1. Neither mutant enzyme showed any
absorbance at long wavelengths (Figure 15). The reduction of Y413A enzyme was also
monitored in the stopped-flow spectrophotometer with a diode-array detector and no
long wavelength absorbance was detected (data not shown).
Rapid Reaction Kinetics. The rate of flavin reduction by tryptophan was
measured directly by monitoring the decrease in the absorbance at 466 nm in the
stopped-flow apparatus under anaerobic conditions. This was only possible for the
Y413A enzyme. The mutant enzymes are purified with indoleacetamide bound, as is the
wild-type enzyme (83). The indoleacetamide must be removed for rapid reaction kinetic
analyses. When this was done by the method developed for the wild-type enzyme, which
involves dialysis against methanol, both mutant proteins lost all activity. An alternative
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method was developed in which the indoleacetamide complexed enzyme was reduced
several times with excess phenylalanine to displace the indoleacetamide. With this
method it was possible to obtain the fully active Y413A enzyme without
indoleacetamide. However, this enzyme was unstable in the absence of indoleacetamide
and had to be used immediately for stopped-flow experiments. Even with the modified
protocol, the Y413F enzyme had no activity once the indoleacetamide was removed, so
that rapid reaction analyses could be not carried out with this mutant protein.
With Y413A TMO as with the wild-type enzyme, flavin reduction is biphasic; only the
rate of the fast phase is substrate dependent (29). The rate of the fast phase as a function
of tryptophan concentration could be fit to equation 6 to yield the limiting rate of
reduction, kred, and the Kd value for tryptophan. The kred value for Y413A TMO is 195
fold less than the wild-type value, and the Kd value 13 fold higher than the wild-type
value (Table 17). The Dkred value is greater for the mutant enzyme than for the wild-type
enzyme.
Hydrogen Peroxide Formation. The amounts of hydrogen peroxide formed in the
reactions catalyzed by Y413F and Y413A TMO were determined by measuring the
decrease in the rate of oxygen consumption in the presence of catalase. For the wild-type
enzyme with tryptophan as a substrate, catalase has no effect on the rate of oxygen
consumption, indicating no hydrogen peroxide is produced (83). With the Y413F and
Y413A enzymes the rates decrease in the presence of catalase. The magnitude of the
change in the rate of oxygen consumption was used to calculate the amount of hydrogen
peroxide released per oxidized tryptophan during catalysis.The Y413F enzyme produced
0.75 ± 0.01 mol of hydrogen peroxide per tryptophan consumed, while 0.95 ± 0.025 mol
of H2O2 were produced by the Y413A enzyme.
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Table 16. Steady State Kinetic Parameters for Wild-type and Mutant Tryptophan 2Monooxygenases*
Parameters

Wild-typed

Y413F

Y413A

Vmax, s-1a

13.2 ± 0.7

4.0 ± 0.3

0.69 ± 0.03

V/Ktrp, mM-1s-1b

360 ± 37

1.8 ± 0.1

0.35 ± 0.02

Ktrp, mMb

0.04 ± 0.005

1.0 ± 0.1

1.48 ± 0.14

V/K O2, mM-1s-1a

140 ± 18

18 ± 3

6±1

KO2, mMa

0.09 ± 0.01

0.22 ± 0.05

0.12 ± 0.02

D

1.22 ± 0.07

1.9 ± 0.1

4.4 ± 0.3

D

1.16 ± 0.25

2.1 ± 0.1

4.0 ± 0.4

Vmax c
(V/Ktrp)b

Kindoleacetamide, µMb

16 ± 2

76 ± 6

47 ± 5

Kindolepyruvate, µMb

40 ± 9e

388 ± 50

216 ± 35

*Standard conditions: 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothreitol, pH 8.3, at 25
˚C.
a

Measured by varying the concentration of oxygen at 2.5 mM or 20 mM tryptophan for

the wild-type and mutant enzymes, respectively.
b

Measured by varying the tryptophan concentration at 230 µM oxygen.

c

Determined by comparing the rates with 10 mM [α-H] and 10 mM [α-2H]tryptophan at

1.2 mM oxygen.
d

From reference (29).

e

This work.
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FIGURE 15. Spectral changes during reduction of TMO by tryptophan. A, the reduction
of the wild-type enzyme in the absence of oxygen before (∆), 20 sec (V) and 30 min (F)
after addition of 1 mM tryptophan. For the Y413A (B) and Y413F (C) enzymes the
spectra were taken before (∆), 15 sec (V) and 10 min (F) after addition of 3 mM
tryptophan. The conditions were 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothreitol, pH
8.3, 25 ˚C.
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Table 17. Rapid Reaction Kinetic Parameters for Wild-type and Y413A Tryptophan 2Monooxygenases*
Enzymes
wild-typea
Y413A

kred, s-1
139 ± 4
0.71 ± 0.02

Kd, mM

D

kred

0.11 ± 0.015

2.4 ± 0.06

1.2 ± 0.1

4.2 ± 1.2b

*

Conditions: 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothrietol, pH 8.3, 25 ˚C.

a

From reference (29)

b

Determined by comparing the rates of flavin reduction at 10 mM [α-H] and 10 mM [α-

2

H]tryptophan.
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pH Studies. The effect of pH on the V/Ktrp value was determined for both
mutant enzymes. The wild-type V/Ktrp pH profile is bell-shaped, consistent with the
involvement of two ionizable groups, one with an apparent pKa value of 5.3 and the
other with an apparent pKa value of 9.9 (82). The V/Ktrp pH profiles of both the Y413F
and the Y413A enzymes show a single pKa with a value close to 6 for a group that must
be deprotonated for activity (Table 18 and Figure 16).

DISCUSSION
An important part of the study of any enzyme mechanism is the identification of
residues involved in catalysis. For the flavoenzymes that catalyze the oxidative
decarboxylation of amino acids such structural information is lagging more mechanistic
studies. There is no available amino acid sequence for L-arginine 2-monooxygenase or
L- lysine 2-monooxygenase, while only the first 90 residues of L-phenylalanine oxidase
has been sequenced (98). In contrast complete amino acid sequences of TMO from
several organisms are available. No three dimensional structural information is available
for any of these enzymes, including TMO. We have identified LAAO as a homologue of
TMO (96). LAAO and TMO both act on L-amino acids, prefer phenylalanine and
tryptophan as substrates, and have identical reductive half reactions in which the α CH
bond of the amino acid is cleaved and an imino acid intermediate is formed (74, 83). The
identification of LAAO as a homologue is especially important since the crystal
structure of the enzyme from Calloselasma rhodostoma has been solved (27). The active
site of LAAO shows that Arg90 and Tyr372 are critical for binding the amino acid
substrate. The results of mutagenesis of the conserved tyrosine residues in TMO shown
in Figure 14 identify Tyr413 as the residue homologous to Tyr372 of LAAO. This result
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Table 18. pKa Values for Wild-type and Tyr413 Mutant Tryptophan 2Monooxygenases*
Enzyme

pKa

pKb

Equation

wild-type

5.34 ± 0.05

9.89 ± 0.05

3

Y413F

6.20 ± 0.06

4

Y413A

6.12 ± 0.06

4

*Conditions: 250 µM O2, 100 mM ACES, 52 mM Tris, 52 mM ethanolamine, 25 ˚C.
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FIGURE 16. V/Ktrp pH dependence of the wild-type (O), Y413A (Q) and Y413F (V)
enzymes. The lines are fits of the data to equation 5 for the wild-type enzyme and to
equation 16 for the mutant enzymes.
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validates the sequence alignment shown in Figure 13 and further supports the homology
between LAAO and TMO.
The detailed characterization of the effects of mutagenesis of Tyr413 confirm its
importance for catalysis and provide insight into the role of this residue and of Tyr372 in
LAAO. The effect of the mutation on the inhibition constants can be used as a measure
of the contribution of Tyr413 to binding. The Kindolepyruvate values increase more than 510 fold for both mutant enzymes, while the Kindoleacetamide value increases by half as
much. The greater increase in the Kindolepyruvate values is consistent with Tyr413
interacting with the carboxylate of the inhibitor and thus of the substrate. The increase
in the Kindoleacetamide suggests that Tyr413 has a weak interaction with the carbonyl
oxygen of indoleacetamide or that the binding of the indole ring has been affected by the
mutations. The changes in binding energies for indolepyruvate are –1.3 and –1.0 kcal
mol-1 for the Y413F and Y413A enzymes, respectively. Using the Kd value obtained in
the stopped-flow for the Y413A enzyme, a change in the binding energy for the substrate
of –1.4 kcal mol-1 can be calculated (Table 19). These values are close to the values
expected for the elimination of a hydrogen bond (99).
If Tyr413 is to form a hydrogen bond with a carboxylate oxygen, the phenolic
oxygen must be protonated. The pH dependences of the V/Ktrp value for both the Y413F
and the Y413A enzyme show only one pKa value of 6.0 for a residue that must be
deprotonated for activity. This is different from the wild-type pH profile where two
pKa’s are observed, one for a group that must be deprotonated for activity with a pKa
value of 5.3, and another for a group that must be protonated for activity with a pKa
value of 9.9. The lack of the second pKa in the alkaline region of the pH profiles of the
mutant enzymes suggests that Tyr413 is the residue responsible for that pKa.
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Table 19. Differences in Binding Energies and Activation Energies Between Wild-type
and Tyr413 Mutant Tryptophan 2-Monooxygenases*
∆∆Gs

∆∆G‡red

∆∆G‡

(kcal/mol)

(kcal/mol)

(kcal/mol)

(kcal/mol)

Y413F

nda

2.0

3.1

-1.3

Y413A

-1.4

3.0

4.0

-1.0

Enzymes

∆∆GI

*The difference in binding energies (∆∆Gs) were calculated by using the equation ∆∆Gs
= RTln [Kwt/Kmutant]. For the binding energies of inhibitors (∆∆GI) the Ki values for
indolepyruvate were used, and for the activation energies (∆∆G‡) the V/Ktrp values were
used. The change in the activation energies for flavin reduction (∆∆Gred) were calculated
using the kred value measured for the Y413A and the value for Vmax for the Y413F
enzyme.
a

nd, not determined.
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The deletion of the hydroxyl or phenol moiety at position 413 of TMO produces
a decrease in the Vmax value and has a more pronounced effect on the V/Ktrp value. These
effects suggest that this residue is involved in catalysis. In the mechanism of Scheme 20
the step with rate constant k3 includes the chemical step where CH bond cleavage occurs.
In TMO the value of k3 can be directly determined by measuring the rate of flavin
reduction (29). For the Y413A enzyme the k3 value decreases 195 fold as compared to
the wild-type value. The k3 value in Y413A TMO is very close to the value of Vmax ; this
indicates that catalysis in the Y413A enzyme is totally limited by the rate of flavin
reduction. No stopped-flow data are available for the Y413F enzyme due to the total loss
of activity in the absence of indoleacetamide. For the wild-type TMO, the intrinsic pKa
for a group in the free enzyme which must be deprotonated for catalysis is 6.0 ± 0.2 (82).
The pKa value of 6.1-6.2 in the V/Ktrp pH profiles for the Tyr413 mutant enzymes is
consistent with a decrease in the forward commitment to catalysis (k3/k2) to a value less
than 0.5 such that the pKa observed in the V/Ktrp profiles for both mutant proteins is
within 0.2 units of the intrinsic pKa value. If the intrinsic kinetic isotope effect on k3 for
Y413F is similar to the intrinsic isotope effect of 2.4 for the wild-type enzyme using
equation 8; the value of k3/k7 can be calculated as 0.5 ± 0.4. This result suggest that the
k3 value must be very close to the observed Vmax value of 4 s-1 and that k7 must be 2 fold
higher than k3 for Y413F enzyme. Thus, this mutation decreases the rate of flavin
reduction by 35 fold for the Y413F enzyme. For the Y413A enzyme the value of k7 must
be at least 10 times greater than k3 since this is the limiting value on Vmax (Table 20).
With the k3 values for both Y413F and Y413A enzymes the effects of the
mutation on the chemical step can be calculated. The changes in the activation energies
for flavin reduction (∆∆G‡red) are 2.0 kcal mol-1 and 3.0 kcal mol-1 for the Y413F and
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Y413A enzymes, respectively (Table 19). This indicates that the main function of
Tyr413 is on the chemical steps leading to CH and flavin reduction.
For Y413A TMO both the DVmax and the D(V/Ktrp) values are around 4.2. This
value is larger than the intrinsic isotope effect measured with tryptophan for the wildtype enzyme (29). This suggests that in the Y413A enzyme the transition state is more
symmetric with this substrate. A similar isotope effect was measured with alanine and
methionine as substrates for wild type TMO (82). It is possible that the Y413A mutation
has changed the transition state with tryptophan to a transition state more similar to that
of alanine and methionine. Changes in the intrinsic isotope effect values are also
observed with the pig kidney D-amino acid oxidase where the values vary from 3 to 5.7
depending on the amino acid substrate (100).
The reaction of the reduced enzyme with oxygen is affected in both mutant
enzymes, as seen by their reduced V/KO2 values (Table 16). In the wild-type enzyme
oxygen reacts with the reduced enzyme imino acid complex and decarboxylation of the
imino acid occurs in this step (Scheme 20). In the mutant enzymes the long wavelength
charge-transfer absorbance band is not observed and the imino acid-enzyme complexed
dissociates at a faster rate than in the wild-type enzyme (Figure 15) (29). This result
suggests that the mutation affects the binding of the imino acid intermediate and the
orientation of the indole ring with respect to the isoalloxazine ring of the FAD. In the
wild-type enzyme the V/KO2 value with methionine is lower than the V/KO2 value with
tryptophan (29). It has been suggested that the active site with of TMO with methionine
is more solvent exposed since hydrogen peroxide is released during catalysis with this
substrate (29). A different conformation of the enzyme-tryptophan complex must be
present in the mutants during catalysis since hydrogen peroxide is released and the
charge transfer absorbance of the imino acid enzyme complex is not observed. The
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decrease in oxygen reactivity in the Tyr413 mutants might arise from a more open
solvent exposed active site that is not optimized for reaction with molecular oxygen.
This is in line with the results in glucose oxidase where changes in the electrostatic
environment of the active site decrease the V/KO2 value several orders of magnitude
(101).
In summary the detailed characterization of Tyr413 mutant enzymes identifies
this residue as the active site residue in TMO corresponding to Tyr372 of LAAO. From
comparison of the rate constants for the steps in the catalytic cycle of TMO it can be
concluded that Tyr413 is involved in binding but the main role is in stabilization of the
transition state for CH bond cleavage and flavin reduction (Table 20).
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Table 20. Intrinsic Rate Constants for Wild-type and Tyr413 Mutant Tryptophan
Monooxygenases.
Kinetic
Wild-type
Y413F
Y413Α
Parameter
enzymea
Kd, mM
0.11 ± 0.05
1.0 ± 0.1b
1.2 ± 0.1c
k3, s-1
139 ± 4
4 ± 0.3 0.71 ± 0.02c
-1 -1 e
k5, mM s
140 ± 18
18 ± 3
6±1
k7, s-1
14
>8
>7
a

Values from references (29).

b

For the mutant enzymes the Km = Kd since there are no commitments.

c

Values measured in the stopped-flow spectrophotometer.

e

Values corresponding to the V/KO2 values.

113

CHAPTER VII

ARG98 IS IMPORTANT FOR SUBSTRATE BINDING AND TRANSITION
STATE STABILIZATION IN THE REACTION CATALYZED BY
TRYPTOPHAN 2-MONOOXYGENASE

INTRODUCTION
The biosynthesis of the plant hormone indoleacetic acid (IAA) by plasmid
encoded enzymes from plant pathogens such as Agrobacterium tumefaciens and
Pseudonamas savastanoi induces the formation of tumor like structures at the site of
infection (79, 95). The biosynthesis of IAA by these bacteria involves a two step
reaction in which tryptophan is converted to indoleacetic acid by tryptophan 2monooxygenase and indoleacetamide hydrolase (94). Tryptophan 2-monoxygenase
(TMO) is an FAD containing enzyme that catalyzes the oxidative decarboxylation of
tryptophan to indoleacetamide (Scheme 21). TMO can also oxidize other L-amino acids
such as phenylalanine, methionine and alanine with decreased activity as the size of the
substrate decreases (29, 83). The kinetic mechanism of TMO has been determined with
tryptophan as substrate and can be divided into two half-reactions (Scheme 22). In the
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reductive half-reaction the α-CH bond of the amino acid is broken and a hydride
equivalent is transferred to the FAD prosthetic group, forming the reduced enzyme and
the imino acid. In the oxidative half-reaction the reduced enzyme-imino acid complex
reacts with molecular oxygen forming oxidized FAD and and the amide product (29).
No three-dimensional structural information is available for the flavoenzymes
that catalyze the oxidative decarboxylation of amino acids, TMO, phenylalanine oxidase
(30), lysine monooxygenase (32) and L-arginine 2-monooxygenase (31). Previously we
have identified the flavoprotein L-amino acid oxidase as a structural homologue of TMO
(96). LAAO and TMO show high identity in the region corresponding to the FAD
binding domain in LAAO (Figure 17). This region is predicted be to the FAD binding
region in TMO since it contains the dinucleotide binding motif (102). Additionally, the
GG motif identified in the LAAO family of enzymes as important for FAD binding is
also found in the TMO enzymes. This GG motif is also found in monoamine oxidase and
other flavoenzymes families, suggesting that they share common ancestry (103).
In the crystal structure of LAAO, the carboxylate of the competitive inhibitor oaminobenzoate ion pairs with Arg90 (Figure 18). This residue corresponds to Arg98 in
TMO (Figure 17).
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A)
TMO
LAAO

36
30

TPTPR-VAIVGAGISGLVAATELLRAGVKDVVL
TSNPKHVVIVGAGMAGLSAAYVLAGAGHQVTVL

67
62

TMO
LAAO

68
63

YESRDRIGGRVWSQVFDQTRPRYIAEMGAMRFP 100
-EASERPGGRV--RTYRNEEAGWYANLGPMRLP 92

42
48
239
214
224

GxGxxG
_R_GG+xxS
GAGISGLVAATELLRAGVKDVVLYESRDRIGGRVWSQVFDQTRP-RYIAEMGAMRFPPS
GAGISGLIAATELLRAGVRDITLFEARDRLGGRAWSQLFDPHYYPRLIAEMGAMRFPPS
GAGISGLVVANELLHAGVDDVTIYEASDRVGGKLWSHAFRDAPS--VVAEMGAMRFPPA
GAGISGLVVASELLHAGVDDVTIYEAGDRVGGKLWSHAFKDA--PGVVAEMGAMRFPPA
GAGFSGLVAASELLHAGVDDVTVYEASDRLGGKLWSHGFKSAPN--VIAEMGAMRFPRS

B)
P.savastanoi
R.agglomerans
A.tumefaciens
A.vitis
A.rhizogene

102
108
209
271
284

FIGURE 17. A) Amino acid sequence alignment of P. savastanoi tryptophan 2monooxygenase with the FAD binding domain of C. rhodostoma L-amino acid oxidase.
The alignment was generated with the program PSI-Blast using the amino acid sequence
of TMO as a probe. The numbering for LAAO is that used in reference (27). B)
Sequence of putative FAD binding domain of tryptophan 2-monooxygenases. The
GxGxxG motif of the putative nucleotide binding region and the GG motif of the family
of L-amino oxidases are indicated (103). The conserved amino acids are highlighted. The
conserved arginine residue is shown in white letters.
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FIGURE 18. Active site of Calloselasma rhodostoma L-amino acid oxidase with
aminobenzoate (AB) bound showing the interactions with Arg90 and Tyr372. The figure
was made using SwissPDBViewer and the PDB file 1F8S.
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EXPERIMENTAL PROCEDURES
Materials. L-Tryptophan was purchased from USB (Cleveland, OH).
Indoleacetamide, indolepyruvic acid and glucose oxidase were from Sigma (St. Louis,
MO). DEAE-Sephacel and phenyl-Sepharose were from Amersham Pharmacia
(Uppsala, Sweden), Escherechia coli M15 (pREP4) was from Qiagen (Valencia, CA)
and catalase from Roche (Basel, Switzerland). [α-2H]-L-Tryptophan was synthesized by
method of Kiick and Phillips (97).
Methods. Enzyme activity assays were performed on a Hansatech oxygen
monitoring system (Norfolk, UK) with a computer interfaced graphical mode and on a
Yellow Springs Instrument model 5300 oxygen electrode (Yellow Springs, OH) with a
Servogor 124 (Leeds, UK) chart recorder. UV-Visible spectra were taken on a HewlettPackard Model 8458A diode array spectrophotometer. The HPLC apparatus consisted of
Waters 2475 pumps with a Waters automated gradient maker, a Waters 625 scanning
fluorescence detector, and Millenium software for data processing. Rapid reaction
kinetic measurements were performed on an Applied Photophysics SX.18MV stoppedflow spectrophotometer. The stopped-flow spectrophotometer was made anaerobic by
filling the system with a solution of 1 mM EDTA, 1 mM glucose, 50 mM Tris pH 8.5,
containing 0.03 µM glucose oxidase the night before the experiment was performed.
Substrate and enzyme solutions were made anaerobic by cycles of vacuum and flushing
with oxygen free argon.
DNA Manipulation. The expression of wild-type TMO using the pQE51 plasmid
has previously been described (96). This was used as the template for construction of
plasmids expressing the mutant enzymes. The primers for the R98A mutagenesis were
5’-CATTGCAGAAATGGGTGCGATGGCGTTTCCTCCCAGTGCAACTGGC-3’ and
5’-GCCAGTTGCACTGG GAGGAAACGCCATCGCACCCATTTCTGCAATG-3’.
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For the R98K mutagenesis the primers were 5’CATTGCAGAAATGGGTGCGATGAAATTTCCTCCCAGTGCAACTGGC-3’ and 5’GCCAGTTGCACTGGGAGGAAATTTCATCGCACCCATTTCTGCAATG-3’ (the
nucleotides changed are underlined). Site directed mutagenesis was performed using the
QuikChange protocol (Stratagene). The protein coding regions for all the plasmids were
sequenced to ensure that no unwanted mutations were incorporated during the
polymerase chain reaction.
Enzyme Assays. Standard enzyme assays were in 50 mM Tris, 250 µM oxygen, 1
mM EDTA, 0.5 mM dithiothreitol, pH 8.3, at 25 ºC, at different concentrations of [α-H]tryptophan or [α-2H]-tryptophan. Different oxygen concentrations were obtained by
bubbling the assay mixture with the appropriate O2/N2 gas mixtures. Enzyme activity as
a function of pH was measured in 52 mM Tris, 52 mM ethanolamine, 100 mM ACES.
The formation of hydrogen peroxide was determined by measuring the decrease in the
oxygen consumption upon addition of catalase (0.01 mg/ml) at 17 mM tryptophan.
Protein Expression and Purification. For growth of the wild-type and Arg98
mutant enzymes a single colony of Escherichia coli M15 (pREP4) containing the
appropriate plasmid was used to inoculate an 60 ml culture of LB (100 µg/ml ampicillin,
25 µg/ml kanamycin). After overnight growth at 37 ˚C, 6 flasks containing 1.5 L of LB
(100 µg/ml ampicillin, 25 µg/ml kanamycin) were inoculated with 10 ml of the
overnight culture. The cultures were incubated at 37 ˚C until the Abs600 reached a value
of 0.6-0.8. At this point 1.5 ml of 0.5 M isopropyl-β-D-thioglucanopyranoside was
added to each flask and the temperature was decreased to 28˚C. After incubation for an
additional 6-8 hr, the cells were harvested by centrifugation at 5000xg for 30 min at 4
˚C. Purification of the wild-type enzyme was performed as described in reference (83).
For purification of the Arg98 mutant enzymes the cell pellets were resuspended in 250
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ml of 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothreitol, 50 µM indoleacetamide, 0.5
mM phenylmethylsulfonyl fluoride, 0.2 mg/ml lysozyme, pH 8.3. After stirring the cell
suspension for 30 min at 4 ˚C, the cells were lysed by sonication. Cell debris and
insoluble proteins were precipitated by centrifugation at 20,000xg for 30 min at 4 ˚C.
The resulting supernatant was brought to 0.5 % (w/v) polyethyleimine, using a 0.1 g/ml
stock solution in 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothreitol, pH 8.3. After
centrifugation at 20,000xg for 30 min at 4 ˚C, the supernatant was brought to 60%
saturation of ammonium sulfate. The solution was stirred at 4 ˚C for 20 min, and the
protein was precipitated by centrifugation at 20,000xg for 30 min at 4 ˚C. The resulting
pellets were resuspended in 20 ml of 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothreitol,
50 µM indoleacetamide, 10% glycerol, pH 8.3, and dialyzed against 2 changes of 2 L of
the same buffer. After centrifugation at 20,000xg for 20 min at 4 ˚C, the protein sample
was loaded onto a DEAE-Sephacel column (3x20 cm) previously equilibrated with the
same buffer. The mutant enzymes were eluted with a linear gradient of 0-200 mM NaCl.
Both enzymes eluted around 150 mM NaCl.
Indoleacetamide Removal. To 5 ml of purified enzyme (~30-60 µM) an equal
volume of a saturated solution of ammonium sulfate in 50 mM Tris, 1 mM EDTA, pH
8.3, was added. After 20 min at 4 ˚C, the protein was precipitated by centrifugation at
20,000xg for 20 min. The enzyme was resuspended in 5 ml of 100 mM phenylalanine,
50 mM Tris, 1 mM EDTA, pH 8.3, and incubated at 4 ˚C for 20 min during which the
protein solution went from bright yellow to light yellow. The enzyme was then
precipitated by centrifugation for 20 min at 20,000xg. This procedure was repeated
twice. The final pellet was suspended in 5 ml of 100 mM phenylalanine, 50 mM Tris, 1
mM EDTA, pH 8.3, and dialyzed against two buffer changes of 1 L of 50 mM Tris, 1
mM EDTA, 0.5 mM dithiothreitol, 10 % glycerol, pH 8.3. The presence of
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indoleacetamide was monitored by HPLC with fluorescence detection; no traces of the
compound were detected in the final enzyme samples.
Data Analysis. The kinetic data were analyzed using the programs Kaleidagraph
(Adelbeck Software, Reading, PA) and Igor (Wavemetrics, Lake Oswego, OR). Initial
rate data were fit to the Michaelis-Menten equation. Isotope effect values were obtained
from fits of the data to equation 2. This equation describes separate isotope effects on
Vmax and V/Ktrp; Fi is the fraction of the heavy atom, EVK is the isotope effect on V/K
minus 1, and EV is the isotope effect on Vmax minus 1. The inhibition constants for the
wild-type and R98K enzyme were obtained using equation 10, which describes the
behavior of a competitive inhibitor where Ki is the inhibition constant. The Ki values for
the R98A enzyme were obtained by analyzing the effect of different inhibitor
concentrations at 2.0 mM tryptophan (Km= 3.3 mM) by the method of Dixon (104). The
V/Ktrp values at different pH values for the wild-type were fit to equation 5 where K1 and
K2 are the dissociation constant for the ionizable groups and C is the pH independent
V/Ktrp value. The Vmax value for the wild-type enzyme and the Vmax and V/Ktrp values
for the Arg98 mutant enzymes as a function of pH were fit to equation 17, where K1 is
the dissociation constant for the ionizable group, YL is the activity at low pH and YH is
the activity at high pH. Stopped-flow traces were fit to equation 9 which describes a
biphasic exponential decay; λ1 and λ2 are the first order rate constants for each phase; A1
and A2 are the absorbance of each species at time t and A∞ is the final absorbance. The
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rate of the rapid phase at different concentration of tryptophan was analyzed using
equation 8; here k3 is the maximum rate of flavin reduction and Kd is the apparent
dissociation constant for the substrate.
VA
v = K (1 + F (E ))+ A (1 + F (E ))
m
i
vk
i v
v=

VA
I

Km1 + K  + A

i

log Y = log

log Y = log

C
H K2
1+ K + H
1
YH K1
H
K1
1+ H

YL+

(2)
(10)

(5)

(17)

-λ t
-λ t
A= A∞ + A1e 1 + A2 e 2

(9)

kredA
kobs = K + A

(8)

d

RESULTS
Steady State Kinetic Parameters. We have previously identified the enzyme
LAAO as a homologue of TMO (96). The most highly conserved region corresponds to
the FAD binding domain of LAAO, residues 30-92 (Figure 17). Arg90 of LAAO aligns
with Arg98 in TMO; this residue is conserved in all available TMO sequences. To test
the role of Arg98 in TMO this residue was changed to lysine and alanine. The steady
state kinetic parameters the mutant enzymes are given in Table 21. In the R98K enzyme
the Vmax and V/Ktrp values decrease by one and two orders of magnitude, respectively. In
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the case of the R98A enzyme these values decrease even more substantially. The
reactivity of the reduced enzyme with molecular oxygen was also affected in the mutant
enzymes. The V/KO2 values decrease 18 and 44 fold for the R98K and R98A enzymes,
respectively. These results strongly suggest that the presence of an arginine at position
98 is essential for efficient catalysis in TMO.
The Ki values for indoleacetamide and indolepyruvate were also determined for
the R98K and R98A enzymes. The Kindoacetamide value remains unchanged for the R98K
enzyme, but increases around two fold for the R98A enzyme. In contrast, the
Kindolepyruvate value increases only slightly for the R98K enzyme while that for the R98A
enzyme increases by an order of magnitude (Table 21). These results are consistent with
a positive charge at position 98 being important for binding of carboxylate containing
ligands in the active site of TMO.
The effect of mutation of Arg98 on the rate of CH bond cleavage was determined
by measuring deuterium kinetic isotope effects. In the wild-type enzyme the rate of CH
bond cleavage is only partially rate limiting on Vmax and V/Ktrp as indicated by the small
isotope effect values on these kinetic parameters (Table 21)(82). The conservative
substitution of Arg98 to lysine increases both the DVmax and the D(V/Ktrp) value
significantly, while the R98A mutation increases them further (Table 21).
Formation of Hydrogen Peroxide. The formation of hydrogen peroxide was
determined by measuring the decrease in the rate of oxygen consumption in the presence
of catalase. For the wild-type enzyme with tryptophan addition of catalase has no effect
on the rate of oxygen consumption, indicating that no hydrogen peroxide is formed (83).
In contrast, the rate of oxygen consumption for both Arg98 mutant enzymes decreases in
the presence of catalase. The decrease in the rate of oxygen consumption was used to
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Table 21. Steady State Kinetic Parameters for Wild-type and Arg98 Mutant Enzymes*
Parameters

Wild-typed

R98K

R98A

Vmax, s-1a

13.2 ± 0.7

1.05 ± 0.05

0.21 ± 0.003

V/Ktrp, mM-1s-1b

360 ± 37

1.5 ± 0.15

0.042 ± 0.006

Ktrp, mMb

0.04 ± 0.005

0.30 ± 0.04

3.3 ± 0.7

V/K O2, mM-1s-1a

140 ± 18

KO2, mMa

0.09 ± 0.01

0.14 ± 0.05

0.067 ± 0.005

D

1.22 ± 0.07

3.1 ± 0.2

4.3 ± 0.2

D

1.16 ± 0.25

1.8 ± 0.3

5.7 ± 1.5

Kindoleacetamide, µMb

16 ± 2

20 ± 2

45 ± 15

Kindolepyruvate, µMb

40 ± 9e

71 ± 11

670 ± 150

Vmax c
(V/Ktrp)b

7.5 ± 2

3.2 ± 0.2

*Standard conditions: 50 mM Tris, 1 mM EDTA, 0.5 mM dithiothreitol, pH 8.3, at 25
˚C.
a

Measured by varying the concentration of oxygen at 2.5 mM or 20 mM tryptophan for

the wild-type and mutant enzymes, respectively.
b

Measured by varying the tryptophan concentration at 230 µM oxygen.

c

Determined by comparing the rates with 10 mM [α-H] and 10 mM [α-2H] tryptophan

at 1.2 mM oxygen.
d

From reference (27).

e

This work.
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calculate the amount of hydrogen peroxide produced during catalysis for these enzymes.
For the R98K enzyme, 0.90 ± 0.06 mol of hydrogen peroxide were formed per oxidized
tryptophan, while for the R98A enzyme, 0.97 ± 0.03 mol of hydrogen peroxide were
produced.
Spectral Changes During Anaerobic Reduction. The changes in the spectra of the
wild-type and Arg98 mutant enzymes during reduction by tryptophan under anaerobic
conditions were determined. The spectral changes for the wild-type enzyme have been
previously characterized (29). The absorbance of the flavin decreases rapidly between
350 and 520 nm and increases above 520 nm. These changes are followed by a slow
decrease at all wavelengths until the spectrum of the reduced enzyme is obtained (Figure
19)(29). The long wavelength absorbance is due to a charge transfer interaction between
the imino acid intermediate and the reduced flavin in the active site (29). For the Arg98
mutant enzymes the decrease in absorbance between 350 and 520 nm was observed but
no increase in absorbance above 520 nm was detected. The spectra of the reduced
mutant enzymes were obtained more quickly than with the wild-type enzyme (Figure
19).
Rapid Reaction Kinetics. The rate of flavin reduction in the absence of oxygen
(k3 in Scheme 22) was measured in the stopped-flow spectrophotometer. In the absence
of oxygen equal volumes of enzyme and substrate were mixed and the absorbance at 466
nm was recorded. For the wild-type and Arg98 mutant enzymes the decrease in
absorbance was biphasic with only the fast phase being substrate depended. The rate of
flavin reduction for the R98K enzyme decreased close to 200 fold and for the R98A
enzyme almost 1000 fold compared to the wild-type enzyme (Table 22). The rate of the
slow phase for the wild-type enzyme is 0.008 ± 0.0003 s-1 (29), increasing to 0.016 ±
0.005 s-1 and 0.026 ± 0.007 s-1 for the R98K and R98A enzymes, respectively.

Absorbance
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FIGURE 19. Spectral changes during reduction of wild-type and Arg98 mutant enzymes
by tryptophan. (A) Reduction of the wild-type enzyme before (∆), 20 sec (V) and 30 min
(F) after addition of 1 mM tryptophan. For the R98A (B) enzyme the spectra were taken
before (∆), 30 sec (V) and 180 sec (F) after addition of 10 mM tryptophan. For the
R98K (C) enzyme the spectra were taken before (∆), 40 sec (V) and 280 sec (F) after
addition of 1.25 mM tryptophan The conditions were 50 mM Tris, 1 mM EDTA, 0.5
mM dithiothreitol, pH 8.3, 25 ˚C.
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Table 22. Rapid Reaction Kinetic Parameters for Tryptophan 2-Monooxygenase
Enzymes.
Enzymes
wild-typea

a

k3, s-1
139 ± 4

Kd, mM
0.11 ± 0.015

R98K

0.77 ± 0.02

0.085 ± 0.011

R98A

0.16 ± 0.01

3.4 ± 0.8

Values from reference (29).
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pH Effects. The Vmax pH rate profiles for the wild-type and both mutant enzymes
all show high and low activities plateaus with a single pKa for a group that must be
unprotonated for maximal activity (Figure 20 A). For the R98K and R98A enzymes the
pKa value is about 9.2, significantly higher than the wild-type enzyme the pKa value
(Table 23). The V/Ktrp pH profile for the wild-type enzyme is bell-shaped, consistent
with the presence of two ionizable groups. One group must be unprotonated for catalysis
with a pKa value of 5.3 and another group must be protonated for activity with a pKa
value of 9.9. In contrast the V/Ktrp pH profiles for the mutant enzymes display low and
high activity plateaus with single pKa values for a group that must be unprotonated of
9.5 and 9.9 for the R98K and R98A enzymes, respectively (Figure 20 and Table 23).

DISCUSSION
The identification of TMO as a member of the LAAO family of enzymes has
opened the possibility of obtaining information about the role of active site residues of a
member of this family of proteins for the first time. To date, there has been no reports of
expression of a recombinant LAAO. The conservation of Arg98 in all TMOs and the
conservation of Arg90 in LAAO suggest that these residue plays similar roles in the two
enzymes. The steady state kinetic parameters for the R98K and R98A enzymes show
that Arg98 is important for activity in TMO.
The role of this residue in the catalytic cycle of TMO can be determined by
calculating the effect of the mutations on the rate constant for each step shown in
Scheme 22 (Table 24)(29). The Kd value and the flavin reduction (k3) can be directly
measured in the stopped-flow spectrophotometer, the value for k5 corresponds to the
V/KO2 value, and k7 can be calculated. The Kd value does not change for the R98K
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Table 23. pKa Values for Wild-type and Mutant Tryptophan 2-Monooxygenases.
Enzyme
wild-typea

Parameter

pK1

V

6.20 ± 0.13

4

5.34 ± 0.05 9.89 ± 0.05

3

V

9.07 ± 0.13

4

V/ Ktrp

9.50 ± 0.19

4

V

9.30 ± 0.19

4

V/ Ktrp

9.86 ± 0.17

4

V/ Ktrp
R98K

R98A

a

Values from reference (82)

pK2

Equation
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FIGURE 20. V/Ktrp (A) and Vmax (B) pH dependence of the wild-type (O), R98K (∆)
and R98A (Q) enzymes.
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enzyme while it increases close 30 fold for the R98A enzyme. This clearly indicates that
the conservation of a positive charge at position 98 is essential for effective binding of
tryptophan in TMO. The change in the inhibition constants for indoleacetamide and
indolepyruvate support this observation and in addition demonstrate that Arg98 interact
specifically with the carboxylate group. The Ki value for indoleacetamide does not
change significantly for either mutant enzyme. This is the expected result since
indoacetamide does not contain a carboxylate group. In contrast the Ki value for
indolepyruvate for the R98A enzyme increases 17 fold and for the R98K enzyme only
slightly. The effect of removing this positive charge produces a change in the activation
energy for binding tryptophan and indolepyruvate of ~2.0 and 1.6 kcal mol-1,
respectively (Table 24).
The value of k3 decreases dramatically for both mutant enzymes (Table 22).
Although the conservation of a positive charge in the R98K enzyme is sufficient to
enable effective binding of tryptophan, the flavin reduction step is significantly affected.
The values for k3 for the mutant enzymes indicate that the steps leading to flavin
reduction are totally limiting in the mutant enzymes, since these values are close to the
Vmax values. For the R98K enzyme the change in transition state activation energy for
CH bond cleavage is 3.0 kcal mol-1 and it is equal to the change in the activation energy
for flavin reduction (Table 24). This is consistent with the proposal that the positive
charge of lysine is sufficient for binding but not to afford effective flavin reduction. For
the R98A enzyme addition of the effects on binding and flavin reduction closely match
to the observed change on the activation energy for the transition state of 5.2 kcal mol-1
(Table 24). The V/KO2 value is reduced close to 20 and 50 fold for the R98K and R98A
enzymes, respectively. The values for k7 were not measured directly for the mutant
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Table 24. Differences in Binding Energies and Activation Energies Between Wild-type
and Mutants Tryptophan 2-Monooxygenases*
Enzymes

R98K

∆∆Gs

∆∆G‡

∆∆G‡3

(kcal/mol)

(kcal/mol)

(kcal/mol)

(kcal/mol)

~0

3.2

3.0

0.3

∆∆GI

R98A
2.0
5.2
3.9
1.6
*The difference in binding energies (∆∆Gs) were calculated by using the
equation ∆∆Gs = RTln [Kwt/Kmutant]. For the binding energies of inhibitors (∆∆GI) the Ki
values for indolepyruvate were used, and for the activation energies (∆∆G‡) the V/Ktrp
values were used. The changes in the activation energies for flavin reduction (∆∆Gred)
were calculated using the k3 values.

132

Table 25. Intrinsic Rate Constants for Wild-type and Mutant Tryptophan 2Monooxygenases
Wild-type
Kinetic
enzymea
Parameter
Kd, mM
0.11 ± 0.05
k3, s-1
139 ± 4
-1 -1, c
k5, mM s
140 ± 18
k7, s-1
14
a
From reference (29).

R98K

R98A

0.08 ± 0.011b 3.4 ± 0.8b
0.77 ± 0.02b 0.16 ± 0.01b
7.5 ± 2
3.2 ± 0.2
>10d
>2d

b

Measured in the stopped-flow spectrophotometer.

c

Values corresponding to the V/KO2 values.

d

See discussion.
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enzymes but it can be estimated that k7 is at least 10 times the value of k3, such that
Vmax≈ k3 for both mutant enzymes (Table 25).
A possible role for Arg98 is to position the transition state intermediate in the
correct orientation for effective electron transfer to the flavin. Evidence for this comes
from two experimental data, one the abolishment of the long wavelength absorbance
corresponding to the charge transfer complex between the reduced enzyme and the
imino acid complex, and the second the formation of hydrogen peroxide by both mutant
enzymes. A different binding mode that makes the active site more solvent exposed is
also consistent with the decrease V/KO2 values for the mutant enzymes. In the wild-type
enzyme with tryptophan the low intrinsic isotope value suggest an early the transition
state with this substrate. In contrast with that with a slow substrate such as alanine the
intrinsic isotope effect increases to a value close to 5, suggesting a later transition state
(82). In the R98A enzyme the large isotope effect is consistent with a later transition
state with tryptophan for this enzyme.
In the yeast Rhodotorula gracilis D-amino acid oxidase (RgDAAO) mutation of
Arg285, which is proposed to bind the carboxylate of the amino acid substrate has
similar effects to those seen here for TMO. The Vmax and k3 values decrease ~400 fold
with alanine as substrate for the R285K and an order of magnitude more for the R285A
enzyme. Also the long wavelength species is not observed in the RgDAAO Arg285
mutants (105). This is consistent with the importance of an arginine residue in binding
and flavin reduction in these related flavoproteins.
The shapes of V/Ktrp pH profiles are different from the wild-type profile for both
mutant enzymes. The V/Ktrp value for the mutant enzymes increases as the pH of the
solution increases and shows a single pKa value for a group that must be unprotonated
for activity. In the wild-type a bell-shaped profile is observed for the V/Ktrp profile,
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consistent with a group that must be unprotonated for activity and another group that
needs to be protonated (82). The observed pKa values for both mutant enzymes are very
close to the pKa value for the amino group of tryptophan. These results are consistent
with Scheme 23 where the enzyme binds to both the protonated and unprotonated form
of the substrate but only the unprotonated form the is reactive species. In the wild-type
the pKa value of the amino group for tryptophan or phenylalanine does not show but it is
observed with methionine, similar to the Arg98 mutants (82).
The shape of the Vmax pH profile is similar for the wild-type and mutant enzymes
with low and high plateaus with a single pKa value (82). The pKa value is shifted ~ 3 pH
units and is close to the pKa value of the amino group. The fact that the pKa of the amino
group shows in the Vmax profiles can be explained if the wrong protonation form of the
substrate acts as an inhibitor (Scheme 23). These results suggest that the mechanism of
CH bond cleavage in TMO occurs as shown in Scheme 24. The unprotonated form of
the substrate binds and a direct hydride transfer to the flavin takes place. This is
consistent with a resent report on DAAO which suggest that this enzymes catalyzes the
oxidation of D-amino acids with the same mechanism (10). In summary, the results
presented here show that the positive charge at position 98 affords adequate binding but
it is not sufficient to stabilize the transition state for effective flavin reduction.
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CHAPTER VIII
SUMMARY

In the preceding chapters I presented an examination of the chemical
mechanisms of two flavoproteins that catalyze the oxidation of CH bond at the alpha
position of amino acids or hydroxy acids. The mechanism of oxidation by
flavocytochrome b2 was proposed to occur via a stepwise mechanism where the OH
proton is abstracted prior to hydride transfer from the α-CH. The effects of mutation of
Tyr254 to phenylalanine can be explained by the role of this residue in stabilization of
the intermediate after OH bond cleavage (Chapter III, Scheme 13). The enhanced
activity of the D282N enzyme with thiolactate compared to the activity with lactate is
also consistent with the proposed mechanism. The work presented here on Flb2 is
applicable to the other members of the α-hydroxy acid oxidases family of enzymes
which have the same active site architecture and catalyzed the same chemical reaction.
This work also identified the enzyme tryptophan 2-monooxygenase as a
homologue of L-amino oxidase and elucidated the roles of Tyr413 and Arg98 in TMO.
Tyr413 needs to be protonated for binding and the positive charge at position 98 is
essential for adequate binding. The slow rate of the chemical steps in the Arg98 mutant
enzymes allowed the identification of the protonated state of the amino acid substrate
during catalysis. The results on TMO clearly show the structural homology to LAAO
and suggest that mechanistically TMO uses the same chemical mechanism as D-amino
acid oxidase, where the unprotonated form of the substrate is the active form for
catalysis and a hydride is transferred to the FAD from the CH position without the action
of a base during this process.
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In summary the results suggest that in the mechanism of flavoenzymes that
catalyze the oxidation of CH bond adjacent to either a hydroxyl of amino groups first the
amide or hydroxyl group is deprotonated and then the CH bond is cleaved via a direct
hydride transfer to the flavin cofactor. The mechanistic difference between these two
groups of enzymes is in the deprotonation of the amino and hydroxyl groups (Scheme
25). In the α-hydroxy acid oxidases an active site base is necessary to cleave the strong
OH bond (pKa ~15), while in the amino acid oxidases the relatively weaker NH bond of
the amino groups (pKa ~9) is deprotonated prior to binding. The binding of the substrates
in the active site involves an interaction with an arginine and a tyrosine residue in both
families of enzymes.

Scheme 25
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Scheme 25 shows the (A) proposed mechanism of oxidation of α-hydroxy acids
in which an active site base is needed for abstraction of the hydroxyl proton prior to
hydride transfer. (B) Proposed mechanism of oxidation of amino acids, where the
unprotonated form of the substrate is the active form for catalysis and no active site base
is necessary.
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