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Chapter 1

Flavoenzymes

Flavoenzymes are ubiquitous proteins in nature, taking part in a large variety of biochemical
reactions. Processes involving flavoenzymes include biosynthesis, energy production, light
emission, protein folding, neuronal development, detoxification, apoptosis, chromatin
remodeling and DNA repair (Joosten and van Berkel, 2007). Flavoenzymes are attractive
biocatalysts because of their intrinsic (enantio-)selectivity and catalytic efficiency, which are
often difficult to achieve by conventional chemical approaches. The discovery of new
flavoenzymes together with novel insights into their catalytic mechanisms will increase the
biocatalytic potential for application of these enzymes in the pharmaceutical, fine-chemical
and food industries (Fraaije and van Berkel, 2006; Joosten and van Berkel, 2007).
Flavoenzymes contain a flavin mononucleotide (FMN) or flavin adenine dinucleotide
(FAD) as redox active prosthetic group, giving the enzymes their characteristic yellow
appearance (flavus means yellow in Latin). FMN and FAD are synthesized from riboflavin
(vitamin B2) by plants and microorganisms. The isoalloxazine ring system is the reactive part
of the flavin molecule. It can undergo one- or two-electron reductions, making the flavin a

chemically versatile cofactor (Fig. 1.1).

FAD HO, OH 2,
(Ow N\
o) NH
o \=N 2
. _O
o=p
FMN -
oo=‘P/o
|
Riboflavin o
HO,
OH
“ OH R
. N . N _NH _0O
S0 ¢ A= )@[ |
% 5a 5/4a 43NH N NH
H
o) o)

Figure 1.1. Structure of riboflavin, FMN and FAD in the oxidized and reduced state.

Flavoenzymes are capable of catalyzing a wide variety of redox reactions, including
oxidations, reductions and monooxygenations. This thesis focuses on flavoenzymes that

catalyze the oxidation of organic substrates, which involves the breaking of a C-H bond with



General introduction

the concomitant transfer of two electrons and two protons to an electron acceptor. Such
reactions vary from simple oxidation reactions, like alcohol or amine oxidations, to more
complex reactions like the oxidative cyclization of plant alkaloids (Kutchan and Dittrich,
1995; Sirikantaramas et al., 2004). Oxidation reactions catalyzed by flavoproteins involve two
substrates: an electron donor (the substrate) and an electron acceptor. Flavoprotein oxidases
use molecular oxygen as electron acceptor, producing hydrogen peroxide (scheme 1.1), while
dehydrogenases use alternative electron acceptors such as NAD(P)", quinones, or electron

transfer proteins (scheme 1.2):

oxidase

s + 0 —— P + HO,

Scheme 1.1. Reaction catalyzed by oxidases

dehydrogenase
é

Scheme 1.2. Reaction catalyzed by dehydrogenases

Free reduced flavin reacts poorly with molecular oxygen (2.5 x 10* M s™) (Massey,
1994). The oxygen reactivity of the reduced flavin can be highly modulated in a protein
environment. Whereas flavoprotein oxidases generally react fast with molecular oxygen (10° -
10° M s, dehydrogenases react extremely slow or not at all with molecular oxygen. The
molecular determinants for these differences in oxygen reactivity are largely unknown
(Mattevi, 2006).

The reaction cycle of flavoenzymes consists of two half-reactions. In de reductive half-
reaction, reducing equivalents are transferred from the substrate to the flavin resulting in
reduced flavin and oxidized product. In the oxidative half-reaction, the flavin reacts with the
electron acceptor yielding re-oxidized flavin. The cycling between oxidized and reduced
flavin results in characteristic spectral properties, enabling the separate study of both half-
reactions.

Most flavoproteins contain a tightly but non-covalently bound flavin cofactor, whereas a
subset (about 10% in humans) of flavoproteins have their cofactor covalently bound to the
protein (Mewies et al., 1998). Several distinct types of covalent flavinylation have been
recognized, involving a histidine, cysteine or a tyrosine residue linked to the 8a or 6 position
of the isoalloxazine ring. Recently, several flavoenzymes were identified that contain a bi-
covalently linked flavin attached to both a cysteine and histidine residue (Huang et al., 2005;
Winkler et al., 2007; Heuts et al., 2008). The rationale for covalent flavinylation is not
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completely understood but the covalent binding may be beneficial for tuning the redox
properties by increasing the redox potential, saturation of the active site with cofactor, protein

stability and preventing flavin modification.

Carbohydrate oxidoreductases

Carbohydrate oxidoreductases are valuable enzymes with great biocatalytic potential. They
use either molecular oxygen as electron acceptor (oxidases) or alternative electron acceptors
(dehydrogenases). Carbohydrate oxidases can be applied, for example in diagnostic
applications, in the food and drinks industry as oxygen scavenger, and for the synthesis of
carbohydrate derivatives. Oxidation of carbohydrates results in changed physical properties
such as solubility, rheology, gelatinization strength, swelling and chelation. Oxidized
carbohydrates are applied, for example, as thickeners or emulsifiers in the food industry, as
water binders in the paper industry, as metal chelators or as anti-oxidizing agents in organ
preservation. Oxidized carbohydrates are also used as building blocks in chemical synthesis,
as precursors for further chemical modification or for conjugation to other biomolecules. The
occurrence and biocatalytic potential of carbohydrate oxidases are summarized in a recent
review (van Hellemond et al., 2006).

Carbohydrate oxidoreductases often contain a flavin cofactor as redox-active group and
belong to structurally different flavoprotein families. A surprising large number of
carbohydrate oxidases contain a covalently linked FAD cofactor (Table 1.1). Carbohydrate
oxidases have mainly been isolated from fungi and are predominantly active on mono- and/or
disaccharides. The reactions catalyzed by several characterized carbohydrate oxidases are
shown in Figure 1.2.

Glucose oxidase is the best known carbohydrate oxidase, it catalyzes the oxidation of
D-glucose into D-glucono-1,5-lactone (Fig. 1.2A) and has been isolated from various fungi
(Witteveen et al., 1992; Witt et al., 1998; Simpson et al., 2006). Other well known fungal
carbohydrate oxidoreductases include pyranose 2-oxidase, which catalyzes the oxidation of
D-glucose and other pyranoses into the corresponding ketoaldoses (Fig. 1.2B) (Gifthorn,
2000) and cellobiose dehydrogenase, a flavocytochrome that oxidizes cellooligosaccharides to
their corresponding lactones (Henriksson et al., 2000). All the abovementioned enzymes
belong to the Glucose-Methanol-Choline (GMC) family. Members of the GMC family adopt
a two-domain folding topology, a FAD-binding domain with an ADP-binding faf-fold and a
substrate binding domain (Cavener, 1992). Fungal carbohydrate oxidoreductases have been
suggested to be involved in the degradation of cellulose and lignin, either directly or via the

supply of hydrogen peroxide for peroxidases (van Hellemond et al., 2006).
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Figure 1.2. Examples of reactions catalyzed by carbohydrate oxidases. A) Glucose oxidase (GOX), B) Pyranose
2-oxidase (P20), C) Lactose oxidase (LAO), D) Alditol oxidase (AldO), E) Gulonolactone oxidase (GUO).

Several polyol oxidases have been isolated from Streptomyces bacteria, including a xylitol,
sorbitol and alditol oxidase (Hiraga et al., 1998; Yamashita et al., 2000; Heuts et al., 2007°).
Alditol oxidase catalyzes the oxidation of primary alcohols into the corresponding aldehydes,
the oxidation of xylitol by alditol oxidase yields D-xylose (Fig. 1.2D) (Heuts et al., 2007%). All
three known polyol oxidases contain a covalently bound 8a-N1-histidyl FAD cofactor and
belong to the vanillyl-alcohol oxidase (VAO) family. Recently a fungal glucooligosaccharide
oxidase of the VAO family was identified, which contains a bi-covalently bound 6-S-
cysteinyl, 8a-histidyl FAD (Huang et al., 2005). A bi-covalent binding mode has also been
recognized in other carbohydrate oxidases with a VAO-fold, including hexose oxidase from a
red algae (Rand et al., 2006), chitooligosaccharide oxidase from Fusarium graminearum

(Heuts et al., 2008), and aclacinomycin oxidoreductase from Streptomyces (Alexeev et al.,

11



Chapter 1

2007), and is predicted for lactose oxidase from Microdochium nivale (Leferink et al., 2008%).
This unusual bi-covalent flavin linkage has been implicated in tuning the redox potential and
increased structural integrity (Heuts et al., 2008; Huang et al., 2008). Members of the VAO
family adopt a two-domain folding topology with a N-terminal FAD-binding domain that
contains a PP-loop which interacts with the pyrophosphate moiety of the flavin, and a C-
terminal cap-domain that determines the substrate specificity (Fraaije et al., 1998).

Flavoprotein carbohydrate oxidases with another fold include the fungal fructosyl amino
acid oxidases (FAO) or amadoriases. These enzymes act on amadori compounds, which are
formed upon reaction of reducing sugars with amino groups of proteins or peptides. FAOs
catalyze the oxidative cleavage of these protein carbohydrate linkages (Wu et al., 2000).
FAOs share the same fold as other flavin-dependent amine oxidases, including D-amino acid
oxidase, monomeric sarcosine oxidase, and monoamine oxidase (Collard et al., 2008). FAO
contains a covalent 8a-S-cysteinyl FAD, a linkage not found in the VAO or GMC
flavoprotein families.

Plants appear to be a rich source of carbohydrate oxidoreductases, but the function and
identity of these enzymes is largely unknown. They are presumed to play a role in the
biosynthesis and organization of the plant cell wall, the biosynthesis of vitamins and
hormones and in active defense through the production of hydrogen peroxide. A few VAO-
type carbohydrate oxidases have been isolated from plants, including a glucose oxidase from
tobacco nectar (Carter and Thornburg, 2004) and a sunflower carbohydrate oxidase involved
in plant defense (Custers et al., 2004). The genome of the model plant Arabidopsis thaliana
encodes many putative flavoproteins with a predicted VAO-fold and unexplored catalytic
activities. Several of these putative oxidoreductases have a high sequence identity with
sunflower carbohydrate oxidase and the tobacco nectar glucose oxidase (Carter and
Thornburg, 2004; Custers et al., 2004). Furthermore, a number of putative oxidoreductases
are related to bacterial alditol oxidases and to the aldonolactone oxidoreductases. The latter

enzymes are involved in the biosynthesis of vitamin C (Fig. 1.2E).
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Chapter 1

Vitamin C biosynthesis

Vitamin C or L-ascorbic acid (ascorbate, Fig. 1.3A) is an important sugar derivative that acts
as antioxidant, redox buffer and as enzyme cofactor in a number of metal-dependent
oxygenases involved in e.g. collagen and carnitine biosynthesis (Englard and Seifter, 1986).
Most organisms can synthesize ascorbate to their own requirements. Humans and other
primates, however, have lost the ability to synthesize ascorbate during evolution, hence
ascorbate is a vitamin for men and also for a number of other mammalian species including
guinea pigs and bats, a few bird species, and some fish (Chatterjee, 1973). Humans
completely depend on their diet, to meet the daily ascorbate requirements. A diet deficient in
ascorbate can lead to scurvy, a disorder characterized by abnormal collagen synthesis.
Ascorbate is named after its anti-scorbutic properties in humans.

Ascorbate is particularly abundant in plants, the main dietary source of vitamin C for
humans. In plants ascorbate plays in addition to its antioxidant capacity, a pivotal role in the
control of photosynthesis, cell expansion and growth, and trans-membrane electron transport
(Smirnoff and Wheeler, 2000). During photosynthesis excess absorbed light can generate
reactive oxygen species, which can damage proteins, unsaturated fatty acids and DNA. Plant
cells in green tissues can contain up to 5 mM ascorbate, representing 10% of the total soluble
carbohydrate pool (Smirnoff and Wheeler, 2000).

While ascorbate is widespread in the animal and plant kingdom, microorganisms possess
ascorbate analogs. D-Erythorbic acid (isovitamin C, Fig. 1.3B) is a C5 epimer of ascorbate
and is only found in the filamentous fungus Penicillium (Salusjirvi et al., 2004). Yeasts
contain another ascorbate analog, D-erythroascorbic acid (Fig. 1.3C), which is a five-carbon

analog of ascorbate.

HO HQ H
. 2.0 H o 2.0 _o
HO\/\qO HO (0] HO/\X_Z&
HO OH HO OH HO OH
A B C

Figure 1.3. Chemical structures of L-ascorbic acid (A), D-erythorbic acid (B) and D-erythroascorbic acid (C).

Vitamin C is widely applied as preservative and antioxidant, besides its traditional use in
the food and drinks industry, its application in animal feed and the cosmetics industry is
rapidly growing. About 50% of the synthetic vitamin C produced is used in vitamin
supplements and in pharmaceutical preparations (Hancock and Viola, 2002). To meet the

increasing world demand, vitamin C is currently produced from glucose via two main routes.
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The Reichstein process, already developed in the 1930s, involves a single pre-fermentation
step followed by six purely chemical steps. The two-step fermentation process, developed in
China in the 1960s, uses an additional fermentation step to replace part of the chemical steps
of the Reichstein process. Both processes yield about 50% vitamin C from the glucose feed
(Hancock and Viola, 2002). The world production of synthesized vitamin C is estimated at 11
x 107 kg/year, most of which is produced in China. The need to reduce capital costs, protect
the environment and increase the process efficiency have urged to develop alternative
manufacturing processes. Innovations in recombinant DNA technology, the availability of
genome sequences and recent advances in protein engineering techniques may be exploited
for the biotechnological production of vitamin C. Metabolic engineering can be applied, for
example, to increase the vitamin C content in plants (Ishikawa et al., 2006) or modify
microorganisms for the biotechnological production of vitamin C (Hancock and Viola, 2001).
To achieve this, it is of utmost importance to have a detailed understanding of the
biosynthesis of vitamin C and the enzymes involved.

Different pathways have evolved for ascorbate biosynthesis in animals, plants and fungi.
Ascorbate and its analogs are synthesized from various sugars and their production involves
the action of several carbohydrate oxidoreductases. The biosynthesis of ascorbate has been
extensively studied by feeding experiments with radiolabeled substrates (Smirnoff and
Wheeler, 2000; Ishikawa et al., 2006; Linster and van Schaftingen, 2007). The ascorbate
biosynthesis pathway in animals has been elucidated first and is well established. D-Glucose
is the ultimate precursor and the first committed step is the conversion of D-glucuronate into
L-gulonate by the action of glucuronate reductase (Smirnoff, 2001; Linster and van
Schaftingen, 2007). The final step is carried out by the microsomal flavoprotein L-gulono-1,4-
lactone oxidase (GUO), which catalyzes the two-electron oxidation of L-gulono-1,4-lactone
into L-ascorbate (Burns et al., 1956).

The biosynthesis of vitamin C in plants seems to follow a multitude of pathways and has
only recently been elucidated (Fig. 1.4) (Ishikawa et al., 2006). The majority of ascorbate
biosynthesis in plants follows the so-called Smirnoff-Wheeler pathway, which starts from
GDP-D-mannose and runs via L-galactose (Wheeler et al., 1998). The sugar L-galactose is
oxidized by a cytosolic NAD -dependent L-galactose dehydrogenase to the final precursor
L-galactono-1,4-lactone (Gatzek et al., 2002). The terminal step in this pathway is catalyzed
by the mitochondrial flavoenzyme L-galactono-1,4-lactone dehydrogenase (GALDH), which
catalyzes the two-electron oxidation of L-galactono-1,4-lactone into L-ascorbate (Mapson et
al., 1954). More recently other routes towards L-ascorbate have been identified in plants. One
route involves D-galacturonic acid, a major constituent of plant cell walls (Agius et al., 2003)

and another one involves L-gulono-1,4-lactone as final precursor resembling part of the
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animal pathway (Lorence et al., 2004). Not all enzymes involved in these routes have been

identified up to now.

D-mannose-1-P
A GTP

1
PP,

N
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Figure 1.4. Biosynthesis of vitamin C in plants. Enzymes involved: 1, GDP-D-mannose pyrophosphorlyase; 2,
GDP-D-mannose-3’-5’-epimerase; 3, GDP-L-galactose phosphorylase (GDP-L-galactose orthophosphate
guanyltransferase); 4, L-galactose 1-phosphate phosphatase; 5, L-galactose dehydrogenase; 6, L-galactono-1,4-
lactone dehydrogenase; 7, D-galacturonate reductase; 8, myo-inositol oxygenase; 9, D-glucuronate reductase;
10, aldonolactonase; 11, L-gulono-1,4-lactone oxidase or dehydrogenase. GDP, guanosine diphosphate; P,
phosphate; cyt ¢, cytochrome c.

The biosynthesis of ascorbate has also been studied in several protists. Ascorbate
production in trypanosome parasites, the causative agents of African sleeping sickness
(Trypanosoma brucei) and Chagas’ disease (7. cruzi), is likely to proceed via L-galactose and
L-galactono-1,4-lactone (Wilkinson et al., 2005), resembling the Smirnoff-Wheeler pathway
in plants. The final step occurs in a unique peroxisome related single-membrane organelle,
called the glycosome (Wilkinson et al., 2005; Logan et al., 2007). Photosynthetic algae
synthesize ascorbate via D-galacturonic acid and L-galactonate (Ishikawa et al., 2008),
analogous to the alternative pathway in plants.

The biosynthesis of the microbial analogs erythorbate and erythroascorbate is less

complicated and involves only two oxidative steps. In Penicillium sp. D-glucose is converted
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to D-gluconolactone by glucose oxidase, which is subsequently converted to D-erythorbic acid
by D-gluconolactone oxidase (GLO) (Takahashi et al., 1976; Harada et al., 1979; Salusjarvi et
al., 2004). In yeasts, D-erythorascorbic acid is synthesized from the pentose sugar
D-arabinose, which is oxidized to D-arabinono-1,4-lactone by the action of D-arabinose
dehydrogenase (Amako et al., 2006). The lactone is then oxidized to D-erythroascorbic acid
by D-arabinono-1,4-lactone oxidase (ALO) (Huh et al., 1998).

Aldonolactone oxidoreductases

The terminal step in the biosynthesis of ascorbate and its analogs is catalyzed by a group of
closely related flavin-dependent aldonolactone oxidoreductases. These enzymes share a
conserved FAD domain and do all belong to the vanillyl-alcohol oxidase (VAO) family
(Fraaije et al., 1998; Leferink et al., 2008").

L-Gulono-y-lactone oxidase (GUO; L-gulono-1,4-lactone: oxygen oxidoreductase; EC
1.1.3.8) catalyzes the final step of vitamin C biosynthesis in animals; the oxidation of
L-gulono-1,4-lactone with the concomitant reduction of molecular oxygen into hydrogen
peroxide. GUO activity was first demonstrated in rat liver microsomes (Burns et al., 1956),
and has been isolated from rat and goat liver microsomes (Nishikimi et al., 1976), and chicken
kidney microsomes (Kiuchi et al., 1982). GUO is an integral membrane protein localized at
the ER/microsomal membrane, with the active site facing the lumen of the ER (Puskas et al.,
1998). GUO contains a covalently 8a-N1-histidyl FAD linked to a histidine located in the
N-terminal FAD-binding domain (Kenney et al., 1976). The enzyme is most active with
L-gulono-1,4-lactone, but also with other aldonolactones showing the same configuration of
the C2 hydroxyl group as in L-gulono-1,4-lactone (Kiuchi et al., 1982). GUO is inhibited by
various thiol reactive reagents, indicating that sulthydryl groups are involved in catalysis
(Nakagawa and Asano, 1970). The GUO gene is defective in humans and other primates,
which makes them susceptible to scurvy (Nishikimi et al., 1994).

L-Galactono-y-lactone dehydrogenase (GALDH; L-galactono-1,4-lactone: ferricytochrome
c-oxidoreductase; EC 1.3.2.3) catalyzes the oxidation of L-galactono-1,4-lactone into
L-ascorbate with the concomitant reduction of cytochrome c. GALDH is presumably localized
in the mitochondrial intermembrane space where it is involved in feeding electrons into the
electron transport chain (Heazlewood et al., 2003). GALDH is an essential enzyme for the
plant, besides from producing the antioxidant ascorbate, GALDH has also been associated
with the assembly of respiratory complex I and the proper functioning of plant mitochondria
(Alhagdow et al., 2007; Pineau et al., 2008). GALDH has been isolated for the first time from
cauliflower florets (Mapson and Breslow, 1958) and has since then been isolated from the

mitochondria of a number of other plant species (Mutsuda et al., 1995; Oba et al., 1995;
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Ostergaard et al., 1997; Imai et al., 1998; Yabuta et al., 2000). In contrast to GUO, GALDH
contains a non-covalently linked FAD and reacts poorly with molecular oxygen. GALDH
shows a high specificity for L-galactono-1,4-lactone as substrate. All known GALDH
enzymes are, like GUO, inhibited by sulthydryl reactive agents.

D-Arabinono-y-lactone  oxidoreductase = (ALO; D-arabinono-1,4-lactone:  oxygen
oxidoreductase; EC 1.1.3.37) from yeast is responsible for the oxidation of D-arabinono-1,4-
lactone into D-erythroascorbic acid using oxygen as electron acceptor. ALO is a membrane
bound mitochondrial oxidase. The enzyme has been isolated from the mitochondria from
Saccharomyces cerevisiae (Nishikimi et al., 1978; Bleeg and Christensen, 1982; Huh et al.,
1998) and Candida albicans (Huh et al., 1994). ALO contains, like GUO, a 8a-N1-histidyl
FAD linked to a histidine in the N-terminal FAD-binding domain (Kenney et al., 1979). ALO
is active with D-arabinono-1,4-lactone, L-galactono-1,4-lactone, and L-gulono-1,4-lactone,
showing a similar substrate specificity as GUO (Nishikimi et al., 1978; Huh et al., 1994).
ALO is, like other aldonolactone oxidoreductases, inactivated by thiol modifying agents (Huh
et al., 1994).

Penicillium fungi are capable of converting D-gluconolactone into D-erythorbic acid by the
action of D-gluconolactone oxidoreductase (GLO). GLO is an extracellular enzyme and is the
only known aldonolactone oxidoreductases that is active as a dimer (Salusjérvi et al., 2004).
GLO contains a covalently bound FAD (Harada et al., 1979) and is presumably active with
both D-glucono-1,4-lactone and D-glucono-1,5-lactone, the latter substrate is the direct
product of glucose oxidation (Salusjérvi et al., 2004). GLO is not inactivated by thiol reactive
compounds (Takahashi et al., 1976).

GALDH homologs were recently identified in the trypanosome parasites 7. brucei and T.
cruzi (Wilkinson et al., 2005; Logan et al., 2007). Both enzymes, TbALO and TcGAL, are
active with L-galactono-1,4-lactone and D-arabinono-1,4-lactone and use cytochrome c as
electron acceptor. Both TbDALO and TcGAL are reported to contain a non-covalently bound
FMN cofactor (Logan et al., 2007). TcGAL is an interesting drug target since 7. cruzi can not
take up ascorbate from its environment (Logan et al., 2007).

Recently a L-gulono-1,4-lactone dehydrogenase (GUDH) was identified in
Microbacterium tuberculosis which oxidizes L-gulono-1,4-lactone to L-ascorbate, using both
cytochrome ¢ and phenazine methosulfate as electron acceptors (Wolucka and Communi,
2006). GUDH homologs were detected in the genomes of other bacteria, but they have most
likely a different physiological substrate, since ascorbate is exclusively made by eukaryotes
(Smith et al., 2007). This is supported by the relatively high K., value of GUDH for L-gulono-
1,4-lactone of 5.5 mM and a rather low k., of < 0.1 s! (Wolucka and Communi, 2006). No
flavin could be detected in the recombinant enzyme, despite the presence of the conserved

N-terminal FAD binding domain.
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General introduction

Aim and outline

The work described in this thesis is the result of the research performed in the project
“Genome-based discovery and characterization of novel carbohydrate oxidoreductases” of the
Carbohydrate Research Centre Wageningen. The aim of this project was to identify,
characterize and redesign carbohydrate oxidoreductases from the model plant Arabidopsis
thaliana, that are involved in plant cell wall maintenance, plant defense or ascorbate
biosynthesis.

This thesis mainly deals with the molecular characterization and redesign of GALDH, the
ultimate vitamin C producer in plants. The first part of this thesis (chapters 3-5) describes the
molecular cloning and characterization of GALDH from A. thaliana. The second part of this
thesis (chapters 6-7) reports on the different aspects of the oxygen reactivity of GALDH.
Finally, a GALDH homolog from trypanosome parasites was studied (chapter 8). The
knowledge obtained provides a sound basis for the future design of stable biocatalysts suitable
for the biotechnological production of vitamin C or other valuable carbohydrates with new
functional properties.

In Chapter 2 an overview is given of the VAO flavoprotein family. Within this family
different types of (covalent) flavin binding modes are recognized. The catalytic activities of
some recently discovered members, including several carbohydrate oxidoreductases, are
reviewed.

Chapter 3 describes the heterologous production, purification and biochemical
characterization of GALDH from A. thaliana. The recombinant enzyme contains a non-
covalently bound FAD as redox active cofactor and is highly active with its natural substrates
L-galactono-1,4-lactone and cytochrome c. The role of a leucine residue in the FAD-binding
domain, which is specific for plant GALDH enzymes, was investigated by site-directed
mutagenesis.

So far, no three-dimensional structure data are available for the aldonolactone
oxidoreductase subfamily. Chapter 4 reports on the active site of GALDH. Two putative
active site residues were identified by sequence comparison with alditol oxidase and
cholesterol oxidase, and their function was addressed by site-directed mutagenesis.

Chapter 5 describes the interaction of GALDH with its natural electron acceptor
cytochrome c. A nuclear magnetic resonance (NMR) chemical shift perturbation analysis of
N labeled yeast iso-1-cytochrome ¢ revealed that GALDH forms a transient complex with
cytochrome ¢ facilitating fast electron transfer. The interaction with cytochrome ¢ remains
intact after removing 9 charged residues at the GALDH protein surface. The crystallization

properties of GALDH are not significantly improved by the surface mutations.
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In Chapter 6 the sensitivity of GALDH towards oxidative stress is investigated. GALDH
is irreversibly inactivated by hydrogen peroxide due to the specific oxidation of an active site
cysteine. The critical involvement of this cysteine in substrate recognition together with the
fact that plants produce high amounts of ascorbate, provide a rationale for the poor oxygen
reactivity of GALDH.

Chapter 7 reports on the discovery of a gatekeeper residue in VAO-type flavoprotein
dehydrogenases that prevents them from acting as oxidases. Replacing the corresponding
residue in GALDH (Alal13—Gly) yields a catalytically competent oxidase with properties
similar to other flavoprotein oxidases. The A113G mutations creates space near the flavin C4a
locus allowing oxygen to reach and react with the reduced flavin.

In Chapter 8 the aldonolactone oxidoreductase of Trypanosoma cruzi, the causative agent
of Chagas’ disease, is characterized. In contrast to an earlier report, we found that this enzyme
uses non-covalently bound FAD as redox active cofactor rather than FMN. Furthermore, in
line with the predicted space near the C4a-N5 locus of the flavin, the enzyme can use
molecular oxygen as electron acceptor in addition to cytochrome c.

In Chapter 9 the findings described in this thesis are summarized and discussed, and some

final conclusions are drawn.
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Chapter 2

Abstract

The VAO flavoprotein family is a rapidly growing family of oxidoreductases that favor the
covalent binding of the FAD cofactor. In this review we report on the catalytic properties of
some newly discovered VAO family members and their mode of flavin binding. Covalent
binding of the flavin is a self-catalytic post-translational modification primarily taking place
in oxidases. Covalent flavinylation increases the redox potential of the cofactor and thus its
oxidation power. Recent findings have revealed that some members of the VAO family
anchor the flavin via a dual covalent linkage (6-S-cysteinyl-8a-N1-histidyl FAD). Some
VAO-type aldonolactone oxidoreductases favor the non-covalent binding of the flavin

cofactor. These enzymes act as dehydrogenases, using cytochrome c as electron acceptor.

Keywords: Alditol oxidase; chitooligosaccharide oxidase; covalent flavinylation; eugenol oxidase; flavoenzyme;
L-galactono-1,4-lactone dehydrogenase; vanillyl-alcohol oxidase; vitamin C

Abbreviations: AldO, alditol oxidase; ADPS, alkyldihydroxyacetonephosphate synthase; AknOx, aclacinomycin
oxidoreductase; BBE, S-reticuline oxidase (berberine bridge enzyme); ChitO, chitooligosaccharide oxidase;
EUGO, eugenol oxidase; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; GALDH, L-galactono-
1,4-lactone dehydrogenase; HDNO, 6-hydroxy-D-nicotine oxidase; MurB, N-acetylenolpyruvyl glucosamine
reductase; PCMH, p-cresol methylhydroxylase; TbALO, Trypanosoma brucei arabinonolactone oxidase; TcGAL,
Trypanosoma cruzi galactonolactone oxidase; VAO, vanillyl-alcohol oxidase
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Introduction

The vanillyl-alcohol oxidase (VAO) flavoprotein family comprises a group of enzymes that
share a conserved FAD-binding domain (Fraaije et al., 1998). VAO family members are
involved in a wide variety of metabolic processes in all kingdoms of life. A remarkable
feature of the FAD-binding module of this protein family is that it favors the covalent
attachment of the flavin cofactor. The first VAO family members identified with such a
covalent link concerned 6-hydroxy-D-nicotine oxidase (HDNO), involved in nicotine
catabolism in Arthrobacter nicotinovorans (Mohler et al., 1972; Brandsch et al., 1987) and
p-cresol methylhydroxylase (PCMH), involved in the microbial detoxification of phenols
(Mclntire et al., 1981). Only recently, it was found that the isoalloxazine ring of the flavin
cofactor can be tethered to the apoprotein via a dual covalent linkage (Huang et al., 2005). All
bi-covalent flavoenzymes characterized thus far share a VAO fold.

Covalent flavoenzymes are less widespread than their counterparts containing a dissociable
flavin cofactor (Hefti et al., 2003%). Several distinct types of covalent flavin binding have been
recognized (Mewies et al., 1998; Hefti et al., 2003"), but tethering of the 8ca-methyl group of
the flavin isoalloxazine ring to a histidine residue is most frequently observed. Enzymatic
degradation to the level of the aminoacyl riboflavin moiety has been the conventional method
to characterize the covalent protein-flavin link (Edmondson and De Francesco, 1991; Decker
and Brandsch, 1997). A more sophisticated approach involves the structural characterization
of the isolated flavinylated peptide without submitting it to subsequent enzymatic degradation
(Halada et al., 2003). Alternatively, the mode of covalent flavinylation can be determined
from the three-dimensional protein structure or predicted in silico (Fraaije et al., 1998). The
importance of the covalent link can be analyzed through the functional characterization of
site-directed mutant proteins (Mauch et al., 1989; Fraaije et al., 1999; van den Heuvel et al.,
2000; Hassan-Abdallah et al., 2006).

Most evidence obtained thus far suggests that covalent flavinylation is a self-catalytic
process, dependent on the primary folding of the polypeptide chain (Brandsch and Bichler,
1991; Mewies et al., 1998). The ability of covalent incorporation of FAD by the apoprotein
was first demonstrated for HDNO (Nagursky et al., 1988). The formation of the flavin-protein
linkage was promoted by the addition of small organic compounds, e.g. glycerol and glycerol-
3-phosphate. For VAO it was shown that covalent flavinylation is not needed for effective
binding of the cofactor (Fraaije et al., 1999). This suggests that formation of the histidyl-FAD
bond is preceded by noncovalent binding of the cofactor to the folded apoprotein (lock-and-
key). It was also discovered that covalent binding of FAD to His422 in VAO requires the
presence of an activating nucleophile, His61, in the FAD domain (Fraaije et al., 2000).
His422 replacements, prohibiting formation of the histidyl-FAD linkage, showed that
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covalent flavinylation increases the redox potential of VAO and thus its oxidation power
(Fraaije et al., 1999). For PCMH it was shown that binding of the cytochrome subunit is
necessary for the generation of the 8a-O-tyrosyl FAD bond (Kim et al., 1995), and that the
intermolecular subunit interactions induce small structural changes in the flavin binding
pocket that optimize the redox properties of the covalenty bound FAD (Cunane et al., 2005).
In this review we report on the catalytic properties of some newly discovered VAO family
members and their mode of flavin binding. Some new information about the aldonolactone

oxidoreductase subfamily is presented as well.
New members of the VAO flavoprotein family

With the aid of the 3D-structure and sequence of VAO from Penicillium simplicissimum
(Mattevi et al., 1997), about 50 different VAO homologs originally were identified (Fraaije et
al., 1998). Among these were several characterized flavoenzymes like 6-hydroxy-D-nicotine
oxidase, S-reticuline oxidase, p-cresol methylhydroxylase, D-arabinono-1,4-lactone oxidase,
D-lactate dehydrogenasae, cholesterol oxidase, L-gulono-1,4-lactone oxidase, L-galactono-
1,4-lactone dehydrogenase, hexose oxidase and alkyldihydroxyacetonephosphate synthase
(ADPS) (Table 2.1). UDP-N-acetylenolpyruvyl glucosamine reductase (MurB), involved in
the biosynthesis of the bacterial cell wall, was also identified as a family member, despite a
low sequence similarity. During the last decade several new VAO family members have
emerged. These include amongst others alditol oxidase, chitooligosaccharide oxidase,
glucooligosaccharide oxidase, lactose oxidase, eugenol dehydrogenase, eugenol oxidase,
cytokinin dehydrogenase, aclacinomycin oxidoreductase and Dbv29, a glycopeptide hexose

oxidase. The mode of flavin binding of these enzymes is summarized in Table 2.1.
Histidyl-FAD enzymes

Analysis of VAO-type protein sequences has revealed that the target residue for covalent
flavinylation is part of a conserved sequence region (Fraaije et al., 1998). The linking
histidine is typically found in the N-terminal part of the protein sequence downstream of 3
relatively small residues (e.g. XGGGHx sequence). Examples of such His-FAD containing
proteins are HDNO (Brandsch et al., 1987; Koetter and Schulz, 2005), cholesterol oxidase
(Coulombe et al., 2001), cytokinin dehydrogenase (Malito et al., 2004; Bae et al., 2007), and
alditol oxidase (Heuts et al., 2007%). The only exceptions to this rule are VAO and some close
homologs (PCMH (Mathews et al., 1991), and eugenol oxidase (Jin et al., 2007)). These
enzymes contain a linking residue that is closer to the C-terminus. This suggests that during

evolution, at least in two occasions the covalent flavin-protein linkage was formed at the two
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sequence regions (loops) that are in close contact with the dimethylbenzyl moiety of the flavin
isoalloxazine ring in the VAO fold (Fig. 2.1). The N-terminal loop preferentially binds the
flavin via the N1 atom of the histidine side chain (Table 2.1). In accordance with this, HDNO
contains a 8a-N1-histidyl FAD (Koetter and Schulz, 1995), instead of the originally identified
8a-N3-histidyl FAD (Mohler et al, 1972). Sequence alignments suggest that
D-gluconolactone oxidase might also contain 8a-N1-histidyl FAD (Table 2.1). Contrarily,
VAO contains an 8a-N3-histidyl FAD cofactor.

Table 2.1. (Predicted) FAD-binding mode of VAO family members

Enzyme EC nummer  Flavin
Histidyl-FAD enzymes

Vanillyl-alcohol oxidase' 1.1.3.38 8a-N3-histidyl FAD
Eugenol oxidase? 1.1.3.x 8a-N3-histidyl FAD?
6-hydroxy-D-nicotine oxidase® 15.3.6 8a-N1-histidyl FAD®
Cholesterol oxidase* 1.1.3.6 8a-N1-histidyl FAD
D-arabinono-1,4-lactone oxidase® 1.1.3.37 8o-N1-histidyl FAD
L-gulono-1,4-lactone oxidase® 1.1.3.8 8o-N1-histidyl FAD
D-gluconolactone oxidase’ 1.1.3.x 8a.-N3-histidyl FAD®
Alditol oxidase® 1.1.3.x 8a-N1-histidyl FAD
Cytokinin dehydrogenase9 1.5.99.12 8a-N1-histidyl FAD

Cysteinyl-histidyl FAD enzymes

Glucooligosaccharide oxidase 1.1.3.x 6-S-cysteinyl, 8a-N1-histidyl FAD
Chitooligosaccharide oxidase” 1.1.3.x 6-S-cysteinyl, 8a-N1-histidyl FAD®
Hexose oxidase ' 1.1.3.5 6-S-cysteinyl, 8a-N1-histidyl FAD
S-reticuline oxidase'? 1.21.3.3 6-S-cysteinyl, 8a-N1-histidyl FAD
Aclacinomycin oxidoreductase ™ 1.1.3.x 6-S-cysteinyl, 8a-N1-histidyl FAD
Dbv29 (glycopeptide hexose oxidase)' 1.1.3.x 6-S-cysteinyl, 8a-N1-histidyl FMN

Other covalent linkages
p-cresol methylhydroxylase16 1.17.99.1 8a-O-tyrosyl FAD
Eugenol hydroxylase17 1.17.99.x 8a-O-tyrosyl FAD®

Non-covalent flavoenzymes

Alkyldihydroxyacetonephosphate synthase'® 2.5.1.26 FAD
D-lactate dehydrogenase19 1.1.1.28 FAD
L-galactono-1,4-lactone dehydrogenase20 1.3.2.3 FAD
UDP-N-acetylenolpyruvylglucosamine reductase”’ 1.1.1.158 FAD

#Prediction from homology modeling with VAO (Jin et al., 2007), bOriginally identified as 8a-N3-histidyl FAD
(M6hler et al., 1972), “Prediction from amino acid sequence gives 8a-N1-histidyl FAD, “Prediction from homology
modeling with GOOX (Heuts et al., 2007b), ®Prediction from amino acid sequence gives 8a-O-tyrosyl FAD.
References used: 1, (de Jong et al., 1992; Mattevi et al., 1997); 2, (Jin et al., 2007); 3, (Koetter and Schulz, 2005); 4,
(Coulombe et al., 2001); 5, (Kenney et al., 1979); 6, (Kenney et al., 1976); 7, (Harada et al., 1979); 8, (Forneris et al., 2008); 9,
(Frébortova et al., 2004; Malito et al., 2004); 10, (Huang et al., 2005); 11, (Heuts et al., 2007°); 12, (Rand et al., 2006); 13,
(Winkler et al., 2006); 14, (Alexeev et al., 2007); 15, (Li et al., 2007); 16, (Mathews et al., 1991); 17, (Priefert et al., 1999); 18,
(Razeto et al., 2007); 19, (Dym et al., 2000); 20, (Leferink et al., 2008°); 21, (Benson et al., 1995).
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Figure 2.1. Covalent flavin-protein linkages in the VAO
fold. (A) Crystal structure of alditol oxidase with 8a-N1-
histidyl FAD (Forneris et al., 2008). (B) 3D model of
eugenol oxidase with 8a-N3-histidyl FAD (Jin et al.,
2007). (C) 3D model of chitooligosaccharide oxidase
with 6-S-cysteinyl-8a-N1-histidyl FAD (Heuts et al.,
2007°).

Recently discovered VAO members
containing a histidyl-FAD include cytokinin
dehydrogenase, alditol oxidase and eugenol
oxidase. Cytokinin dehydrogenase (CKX) is
involved in the enzymatic degradation of
cytokinins (N°-substituted purine derivatives),
which play a major role in growth regulation
in plants. The cytokinin dehydrogenase
reaction involves the oxidation of the
secondary amine group on the side-chain of
the adenine ring resulting in cleavage of the
side chain (Fig. 2.2A). The enzyme was
initially classified as an oxidase but oxygen is
only a poor substrate, a range of quinones
have been identified as efficient electron
acceptors (Frébortova et al., 2004). Based on
this, CKX has now been classified as a
dehydrogenase. The crystal structure of
maize CKX1 complexed with a cytokinin
imine suggests that the product prevents the
reduced flavin to react with molecular oxygen
(Malito et al, 2004; Mattevi, 2006).
Typically, plant genomes contain a multitude
of CKX genes.

Most VAO-type proteins containing a His-
FAD cofactor have been found to act as an
oxidase. This correlation has been used to
discover novel covalent flavoprotein oxidases
by genome database mining. An example of
this approach of enzyme discovery is the
recent identification of alditol oxidase (AldO)
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from Streptomyces coelicolor A3 (Heuts et al., 2007%). AldO catalyzes the oxidation of the C1
hydroxyl group of preferably alditols into the corresponding aldehydes (Fig. 2.2B).

AldO is closely related to xylitol oxidase and sorbitol oxidase from other Streptomyces
isolates (Hiraga et al., 1998; Yamashita et al., 2000) and all three oxidases display
overlapping substrate specificities. AldO is most active with xylitol and sorbitol, which are
converted into D-xylose and D-glucose, respectively (Heuts et al., 2007%). The enzyme is an
intracellular monomeric protein with a molecular mass of 45 kDa and could be expressed in
impressive quantities (350 mg per liter culture) using Escherichia coli as expression host
(Heuts et al., 2007%). The recent elucidation of the crystal structure of AldO confirmed that the
FAD cofactor is covalently tethered to a histidine residue (His46) via an 8a-N1-histidyl FAD
linkage (Forneris et al., 2008). The His46Ala mutant was expressed as the apoprotein in E.
coli and found to be partially insoluble. This suggests that the covalent flavin-protein
interaction is crucial for the structural integrity of AldO (Heuts et al., 2007%). Crystal
structures of AldO complexed with alditols have revealed the molecular basis for the selective
oxidation reactions catalyzed by AldO. By an extensive hydrogen bond network, alditols are
positioned with respect to the flavin cofactor in such a way that only one terminal hydroxyl

group is oxidized.
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CKX N
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AldO o
HO OH 7T: OH
OH OH OH
02 H202 OH
xylitol D-xylose
c OH
HO - EUGO HO—<§ :}—//
—0 0, H,0, —O0
eugenol coniferyl alcohol

Figure 2.2. Reactions catalyzed by the histidyl-FAD enzymes CKX (A), AldO (B) and EUGO (C).
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A detailed kinetic analysis has shown that AIdO employs a ternary complex kinetic
mechanism for the oxidation of xylitol (K= 320 uM, kea= 13 s7). Xylitol rapidly reduces the
FAD cofactor (kieq = 99 s'l) upon which a binary complex is formed between reduced AldO
and D-xylose. While complexed with the oxidation product, the flavin cofactor is able to
utilize molecular oxygen as electron acceptor (kox = 1.4 x 10° M s™). Besides xylitol and
related alditols, AIdO also converts other aliphatic alcohols. AldO shows considerable
sequence and structural homology with cholesterol oxidase, but does not accept bulky
hydrophobic substrates. This can be explained by the narrow binding pocket near the flavin
cofactor which determines the substrate specificity.

Another VAO-type histidyl-FAD containing oxidase that was recently discovered by
utilizing genome sequence information is eugenol oxidase (Jin et al., 2007). By analyzing the
available bacterial genome sequences it was found that the proteome of the actinomycete
Rhodococcus sp. RHA1 harbors a protein that shows 45% sequence identity to fungal VAO.
The presence of a conserved histidine in its C-terminal region suggested that also in this
protein, the FAD is covalently linked as in VAO. Indeed, heterologous expression in E. coli
resulted in overproduction of flavinylated enzyme. Part of the recombinant protein was
purified as the apoprotein. Addition of FAD to the purified protein resulted in fully
flavinylated protein. This again confirms the autocatalytic mechanism of covalent FAD
incorporation. Characterization of the enzyme revealed that it is most active as oxidase with
eugenol (K= 1.0 uM, kee=3.1 s) and therefore it was named eugenol oxidase (EUGO) (Fig
2.2C).

VAO and EUGO accept similar substrates, but with significantly different catalytic
efficiencies. E.g., while VAO is able to effectively hydroxylate 4-alkylphenols and to
deaminate aromatic amines, EUGO is poorly active on these substrates. Another striking
difference between VAO and EUGO is their oligomerization state: while VAO forms stable
octamers, EUGO is a dimeric enzyme. Inspection of the VAO structure and sequence
comparison suggests that VAO has acquired a specific loop region that creates dimer-dimer
interactions and thereby stabilizes octamers. This loop region is absent in the EUGO
sequence. A nice feature, when compared with VAO, is the fact that EUGO is expressed in
large quantities in E. coli facilitating production of this novel oxidase.

The substrate specificities of VAO and EUGO have some resemblance to that of the
flavocytochromes PCMH (Mclntire et al., 1985) and eugenol dehydrogenase (Furukawa et al.,
1998). The latter enzyme is also referred to as eugenol hydroxylase (Priefert et al., 1999).
Based on sequence comparisons (Kim et al., 1995; Priefert et al., 1999; Brandt et al., 2001)
eugenol hydroxylase is predicted to contain 8a-O-tyrosyl FAD.
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Histidyl-cysteinyl-FAD enzymes

Only very recently it was discovered that in some flavoproteins the flavin cofactor is
covalently attached to two amino acid residues. This bi-covalent linkage of FAD was first
revealed in 2005 by elucidating the crystal structure of glucooligosaccharide oxidase (Huang
et al., 2005). Glucooligosaccharide oxidase preferably oxidizes cellooligosaccharides, that can
reach the active site via an open carbohydrate binding groove. In this fungal carbohydrate
oxidase the FAD is tethered to Cys130 and His70 via respectively the 6- and 8a-position of
the isoalloxazine ring (Fig. 2.3).

\>

Cys

Figure 2.3. Bi-covalent FAD linkage in glucooligosaccharide oxidase: 6-S-cysteinyl, 8a-N1-histidyl-FAD (Huang et
al., 2005).

Based on this finding, it was recognized that also other established covalent flavoproteins
may contain a bi-covalent FAD as cofactor. A dual covalent linkage was confirmed for
hexose oxidase and S-reticuline oxidase (berberine bridge enzyme, BBE) (Rand et al., 2006;
Winkler et al., 2006) and probably is also the case for tetrahydrocannabinolic acid synthase,
an enzyme involved in controlling marijuana psychoactivity (Sirikantaramas et al., 2004). A
bi-covalent FAD cofactor is also predicted for two carbohydrate oxidases from sunflower and
tobacco (Carter and Thornburg, 2004; Custers et al., 2004), and for the lactose oxidase from
Microdochium nivale (Xu et al., 2001). Apart from these known covalent flavoproteins,
several new bi-covalent flavoproteins have been described recently: Dbv29, a glycopeptide
hexose oxidase (Li et al., 2007), aclacinomycin oxidoreductase (AknOx) (Alexeev et al.,
2007), and chitooligosaccharide oxidase (Heuts et al., 2007°) (Table 2.1). All above-
mentioned bi-covalent flavoproteins represent VAO-type enzymes, again showing that the
VAO-fold is favorable for covalent protein-flavin interactions.

The reactions catalyzed by some bi-covalent flavoproteins demonstrate the unusual catalytic
power of these enzymes. BBE for example, catalyzes the oxidative cyclization of the

N-methyl group of S-reticuline in the benzophenanthridine alkaloid biosynthesis in plants
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(Kutchan and Dittrich, 1995). This reaction involves two steps, the oxidation of the methylene

iminium ion and the stereospecific ring closure forming the berberine bridge of S-scoulerine

(Fig. 2.4A).

A
S-reticuline S-scoulerine
B z:aglycone aglycone aglycone
6 = =
AknOx Q AknOx ?
HO o HO o HO o
o N(CHy), o, H,0, & NECHy), o, H,0, & N(CHy),
chW HSCW HSCW
OH
0 o OH & OH
H,C 0 . H.C H.C
¢ thodlnose 3 O/ cinerulose A 3 </ L-aculose
HO o o
aclacinomycin N aclacinomycin A aclacinomycin Y
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~

N -acetylglucosaminic acid

Figure 2.4. Reactions catalyzed by the bi-covalent flavoproteins BBE (A), AknOx (B), Dbv29 (C), and ChitO (D).
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Another unusual bi-covalent flavoprotein is AknOx, which catalyzes the last two steps in
the biosynthesis of the polyketide antibiotic aclacinomycin in Streptomyces species. AknOx
uses the same active site to catalyze these two consecutive FAD-dependent reactions but uses
two distinct sets of catalytic residues to accomplish this. The first reaction involves the
oxidation of the terminal sugar residue rhodinose into cinerulose A, which, in the second
reaction, is converted to L-aculose by a desaturation step (Fig. 2.4B) (Alexeev et al., 2007).

The glycopeptide hexose oxidase Dbv29 is the first reported FMN-containing bi-covalent
flavoprotein. Dbv29 catalyzes the four-electron oxidation of the N-acylglucosaminyl
substituent to N-acylaminoglucuronic acid during the maturation of the glycopeptide A40926
antibiotic (Fig. 2.4C) (Li et al., 2007).

As part of another genome database mining effort a chitooligosaccharide oxidase (ChitO)
from Fusarium graminearum was discovered and investigated (Heuts et al., 2007°). In
contrast to glucooligosaccharide oxidase, ChitO is highly active with N-acetylated mono- and
oligosaccharides (Fig. 2.4D). Chitotetraose was found to be the best substrate (K, = 250 uM,
keat = 6.3 s'l). ChitO also converts non-modified saccharides, e.g. glucose, cellobiose and
lactose, but with a much lower catalytic efficiency. Based on the sequence similarity with
glucooligosaccharide oxidase, a structural model of ChitO was constructed. This enabled the
identification of residues that form the chitooligosaccharide-binding pocket. Based on this
model, a specific glutamine residue was replaced by an arginine. As predicted, the engineered
protein showed a somewhat lower affinity for N-acetylated substrates while the catalytic
efficiency for non-acetylated carbohydrates improved ~20 fold (Heuts et al., 2007°). This
confirms that the respective residue is crucial for the recognition of specific classes of
oligosaccharides. The availability of recombinant ChitO provides new opportunities to
perform selective modifications of (oligo)saccharides.

So far, little is known about the biological significance of bi-covalent flavinylation. Single
mutants of Dbv29 (H91A or C151A) showed comparable activity to wild type, while the
double mutant retained only 10% activity (Li et al., 2007). From this it was argued that the bi-
covalent linkage is required for a proper orientation of the flavin in the active site. The bi-
covalent link in S-reticuline oxidase was also studied by mutagenic analysis (Winkler et al.,
2007). The C166A variant showed an impaired flavin reduction rate of 370-fold and a
decrease in redox potential, +53 mV vs. +132 mV for the wild-type enzyme. His104 protein
variants could not be expressed in sufficient amounts for biochemical studies. From these data
it was concluded that 6-S-cysteinylation of the flavin tunes the redox potential. In fact, the
redox potential of wild-type S-reticuline oxidase is exceptionally high which is in line with
the proposed rationale of covalent flavinylation, i.e. increasing the oxidative power of the

respective enzyme.
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Genomic data indicate that many new bi-covalent flavoenzymes still need to be
discovered. Several of these hypothetical enzymes are found, for instance, in Streptomyces

species (Alexeev et al., 2007) and in plants.
Non-covalently bound FAD enzymes

Within the VAO family also members exist that bind their flavin cofactor non-covalently
(Table 2.1). Generally the His residue in the conserved sequence region of the FAD-binding
domain is lacking in these enzymes, and they do not react with molecular oxygen. For ADPS,
D-lactate dehydrogenase, and MurB the crystal structures have been solved (Benson et al.,
1995; Dym et al., 2000; Razeto et al., 2007). ADPS catalyzes ether bond formation in
phospholipids, the constituents of eukaryotic cell membranes (Fig. 2.5A). The flavin cofactor
is presumed to be involved in this non-redox reaction by trapping the
dihydroxyacetonephosphate intermediate via covalent binding (Razeto et al., 2007).

The peripheral membrane protein D-lactate dehydrogenase from E. coli catalyzes the
oxidation of D-lactate to pyruvate, using quinone as electron acceptor. Besides the FAD-
binding domain and the cap-domain, the enzyme also harbors a membrane-binding domain
which interacts with the negatively charged phospholipid head groups of the membrane (Dym
et al., 2000).

MurB is involved in peptidoglycan biosynthesis in bacteria, it catalyzes the reduction of
enolpyruvyl-UDP-N-acetylglucosamine to UDP-N-acetylmuramic acid using NADPH as
electron donor (Fig. 2.5B). The MurB structure consists of three domains, the typical VAO-
type FAD-binding domain, and two additional domains comprising the substrate binding site
(Benson et al., 1995).

L-Galactono-1,4-lactone dehydrogenase (GALDH) is another VAO family member that
binds the FAD in a non-covalent mode. This aldonolactone oxidoreductase is responsible for
completing the biosynthesis of vitamin C in plants (Fig. 2.5C).

GALDH has been isolated for the first time from cauliflower mitochondria by Mapson and
Breslow in the 1950s (Mapson and Breslow, 1958). Since then the enzyme was isolated from
the mitochondria from a number of plants (Mutsuda et al., 1995; Oba et al., 1995; Imai et al.,
1998; Siendones et al., 1999). More recently, recombinant forms have become available for
cauliflower, tobacco and Arabidopsis thaliana GALDH (Ostergaard et al., 1997; Yabuta et
al., 2000; Leferink et al., 2008b). GALDH homologs in animals (L-gulono-1,4-lactone
oxidase), yeast (D-arabinono-1,4-lactone oxidase), and fungi (D-gluconolactone oxidase), are
involved in the synthesis of L-ascorbate or its analogs D-erythorbate and D-erythroascorbate
(Nishikimi et al., 1976; Huh et al., 1998; Salusjérvi et al., 2004). In contrast to GALDH, these
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Figure 2.5. Reactions catalyzed by the non-covalent VAO members ADPS (A), MurB (B) and GALDH (C).

oxidases contain a covalently bound FAD (Table 2.1). Recently also a bacterial gulonolactone
dehydrogenase (Wolucka and Communi, 2006) and two aldonolactone oxidases from
trypanosome parasites (Wilkinson et al., 2005; Logan et al., 2007) have been identified.

The aldonolactone oxidoreductases form a separate clade in the VAO family (Fig. 2.6).
The plant GALDH enzymes share about 80-90% sequence identity but they have less than
25% of sequence identity with other aldonolactone oxidoreductases. The highest degree of
sequence identity within this sub-family is found in the FAD-binding domain. No crystal
structure is available for GALDH or its homologs and little is known about the nature of the
active site and the catalytic mechanism. A recurrent feature within the group of aldonolactone
oxidoreductases is the sensitivity towards thiol reactive compounds, suggesting the
involvement of cysteine residues in catalysis (Mapson and Breslow, 1958; Nakagawa and
Asano, 1970; Huh et al., 1994; Oba et al., 1995; Logan et al., 2007).

GALDH is presumably localized in the mitochondrial intermembrane space associated
with mitochondrial complex I (Heazlewood et al., 2003) where it shuttles electrons into the
electron transport chain via cytochrome ¢ (Millar et al., 2003). Mature GALDH from
A. thaliana (AtGALDH) can be efficiently produced in E. coli when omitting the N-terminal
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mitochondrial targeting sequence (Leferink et al., 2008"). The monomeric protein shows a
high enantio-preference for L-galactono-1,4-lactone (K, = 0.17 mM, ke = 134 s'l), though the
L-gulono-1,4-lactone isomer is also oxidized at significant rate (K, = 13.1 mM, ket = 4 s'l).
Thus, a difference in orientation of the 3-hydroxyl group of the substrate is responsible for a
100-fold higher K, and 2500-fold lower catalytic efficiency.

Most aldonolactone oxidoreductases use molecular oxygen as electron acceptor and
contain a covalently bound histidyl-FAD (Table 2.1) (Coulombe et al., 2001; Koetter and
Schulz, 2005; Heuts et al., 2007%). Plant GALDH lacks this His-residue but contains a Leu
instead. Replacement of Leu56 in AtGALDH by His did not result in covalent incorporation
of FAD. Instead, FAD was more weakly bound in the mutant than in the wild-type protein
(Leferink et al., 2008°). Replacing Leu56 with Ala or Cys also yielded variants with loosely
bound FAD. Variants L56] and L56F were similar to wild-type AtGALDH, and contained
tightly bound FAD. The apo forms of the Leu56 variants could easily be reconstituted by the
addition of FAD and their flavin absorption properties were nearly identical to that of the
wild-type enzyme. The kinetic parameters of the Leu56 variants were determined and a rough
correlation was found between the bulkiness of the residue at position 56 and the Michaelis-
constant for L-galactono-1,4-lactone. The absence of a covalent flavin-protein link in the
L56H variant might be explained by the absence of an activating base similar to His61 in
VAO (Fraaije et al., 2000), which is required for nucleophilic attack. The presence of such an
activating residue is not easily predicted due to the lack of structural information for the
aldonolactone oxidoreductase subfamily.

The mechanism of L-ascorbate production by AtGALDH involves two half-reactions. In
the reductive half-reaction, the oxidized flavin cofactor is reduced to the hydroquinone state
by the L-galactono-1,4-lactone substrate. The two-electron reduced enzyme is then re-
oxidized in the oxidative half-reaction by cytochrome c. This oxidative half-reaction involves
two one-electron steps and the transient formation of the red anionic flavin semiquinone
(Leferink et al., 2008”). The catalytic mechanism of AtGALDH was studied with the stopped-
flow technique. The reduction of the flavin by L-galactono-1,4-lactone appears to be the rate
limiting step in the catalytic cycle (keq = 750 s™). The re-oxidation by cytochrome ¢ in the
oxidative half-reaction occurs relatively fast, with a bimolecular rate constant of 3.6 x 10° M
s, four orders of magnitude faster than the re-oxidation by molecular oxygen (kox = 4.4 x 10*
M's™h.

Trypanosome parasites also contain an aldonolactone oxidoreductase that harbors a non-
covalently bound flavin cofactor and uses cytochrome ¢ as electron acceptor. The
arabinonolactone oxidase from Trypanosoma brucei (TbALO) has a preference for substrates

in which the C2 and C3 hydroxyl groups are arranged in the trams-configuration, besides
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Figure 2.6. Phylogenetic analysis of characterized VAO family members. The phylogenetic tree was constructed
from a ClustalX multiple sequence alignment using the neighbor-joining method. (Predicted) covalent flavin
linkages are highlighted. Linkages to the N-terminal loop are 8a-N1-histidyl in green and 6-S-cysteinyl-
8a-N1-histidyl in red. Covalent linkages to the C-terminal loop are highlighted in orange.

The accession numbers for the sequences used for phylogenetic analysis are: HDNO, P08159; AknOx, QOPCD7; AldO,
Q9ZBU1; Dictyostelium discoideum ADPS (DdADPS), 096759; Cavia porcellus ADPS (CpADPS), P97275; ChitO, XP_391174;
cholesterol oxidase (CHOX), Q7SID9; Zea mays CKX 1 (ZmCKX1), Q9TONS; A. thaliana CKX 7 (AtCKX7), Q9FUJ1; Hordeum
vulgare CKX 2 (HvCKX2), Q8H6F6; Saccharomyces cerevisiae arabinonolactone oxidase (ScALO), P54783, Candida albicans
ALO (CaALO), 093852; Dbv29, Q7WZ62; D-gluconolactone oxidase (GLO), Q671X8; D-lactate dehydrogenase (DLDH),
P06149; DWARF1/DIMINUTO (DWF1), Q39085; Seladin-1 (24-dehydrocholesterol reductase, SEL1), Q15392; EUGO,
Q9RDU1; Pseudomonas sp. HR199 eugenol hydroxylase flavoprotein subunit (EugR1), AAM21269; Pseudomonas sp. OPS1
eugenol hydroxylase flavoprotein subunit (EugR2), QOSBK1; glucooligosaccharide oxidase (GOOX), Q6PW?77; glycolate
oxidase subunit D (GLCD), POAEP9; gulonolactone dehydrogenase (GUDH), O06804; hexose oxidase (HOX), P93762; isoamyl
alcohol oxidase (IAAO), Q9HGHY; lactose oxidase (LAO), CAI94231-2; AtGALDH, Q8GY16; Brassica oleracea GALDH
(BoGALDH), 047881; Ipomoea batatas GALDH (IbGALDH), Q9ZWJ1; Nicotiana tabacum GALDH (NtGALDH), Q9SLWE6;
Rattus norvegicus gulonolactone oxidase (RnGUO), P10867; Mus musculus GUO (MmGUQ), NP_848862; Scyliorhinus
torazame GUO (StGUO), Q90YK3; mitomycin radical oxidase (MMCO), P43485; PCMH flavoprotein subunit, P09788;
polykethide synthase (ZEB1), Q2VLJ1; Eschscholzia californica BBE (EcBBE1), P30986; Papaver somniferum BBE (PsBBE1),
P93479; sorbitol oxidase (SorbO), P97011; sunflower carbohydrate oxidase (HaCHO), Q8SA59; tetrahydrocannabinolic acid
synthase (THCAS), Q8GTB6; tobacco glucose oxidase (NEC5), Q84N20; TbALO, Q57ZU1; TcGAL, Q4DPZ5; E. coli MurB
(EcMurB), P08373; Staphylococcus aureus MurB (SaMurB), P61431; Streptococcus pneumoniae MurB (SpMurB), P65466;
Thermus cadophilus MurB (TcMurB), Q5SJC8; VAO, P56216; xylitol oxidase (XylO), Q9KX73. The bar indicates 10%
divergence.

35



Chapter 2

L-galactono-1,4-lactone (K, = 154 uM, ket = 21 s'l) it can also oxidize D-arabinono-1,4-
lactone (Km = 55 UM, keat = 27 s'l) (Wilkinson et al., 2005). Galactonolactone oxidase from
Trypanosoma cruzi (TcGAL) also utilizes both L-galactono-1,4-lactone (K, = 161 uM, ket =
673 s') and D-arabinono-1,4-lactone (K = 285 UM, ke = 649 s (Logan et al., 2007).
Considering that L-galactono-1,4-lactone is the presumed physiological substrate (Wilkinson
et al., 2005; Logan et al., 2007) and that cytochrome ¢ is employed as electron acceptor,
TbALO and TcGAL should be re-named as galactonolactone dehydrogenases.

Both TcGAL and TbALO are proposed to possess a non-covalently bound FMN as
cofactor (Logan et al., 2007). This would be the first members (together with Dbv29 (Li et al.,
2007)) of the VAO-family that contain FMN rather than FAD as the prosthetic group.
However, comparing the sequences of TcGAL and TbALO with other VAO family members
reveals that the residues that normally interact with the pyrophosphate and adenine moiety of
the FAD cofactor (Fraaije et al., 1998) are conserved in the trypanosomal enzymes. Therefore,
more research is needed to confirm that indeed FMN is bound to these enzymes rather than
FAD. Both TbALO and TcGAL lack the His residue in the FAD-binding domain involved in
covalent binding of the cofactor, but contain a Lys residue instead (Wilkinson et al., 2005;
Logan et al., 2007). Replacement of Lys55 of TcGAL by His or Leu yields mutants that are
isolated as apoproteins (Logan et al., 2007). It is not clear whether the isolated apoproteins
can be reconstituted to the holo form, as is the case for the AtGALDH Leu56 mutants.
Interestingly, a lysine residue in the C-terminal HWXK motif, conserved in all aldonolactone
oxidoreductases and some related oxidases, is thought to be involved in catalysis of TcGAL.
Replacement of this Lys by Gly (K450G) renders the protein completely inactive, though
flavin is still bound (Logan et al., 2007).

Although there are no structural rules that enable prediction of whether or how a
flavoenzyme reacts with oxygen (Mattevi, 2006), it is evident that structural data of the
aldonolactone oxidoreductase subfamily would be beneficial in future research towards the

elucidation of the molecular determinants of (covalent) flavin binding and oxygen reactivity.
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Abstract

L-Galactono-y-lactone dehydrogenase (GALDH) is a mitochondrial flavoenzyme that
catalyzes the final step in the biosynthesis of vitamin C (L-ascorbic acid) in plants. Here we
report on the biochemical properties of recombinant Arabidopsis thaliana GALDH.
AtGALDH oxidizes besides L-galactono-1,4-lactone (K, = 0.17 mM, kg = 134 s'l) also
L-gulono-1,4-lactone (Ky, = 13.1 mM, ke = 4.0 s'l) using cytochrome c as electron acceptor.
Aerobic reduction of AtGALDH with the lactone substrate generates the flavin hydroquinone.
The two-electron reduced enzyme reacts poorly with molecular oxygen (kox = 6 x 10 M s™).
Unlike most flavoprotein dehydrogenases, AtGALDH forms a flavin-N5 sulfite adduct.
Anaerobic photoreduction involves the transient stabilization of the anionic flavin
semiquinone. Most aldonolactone oxidoreductases contain a histidyl-FAD as covalently
bound prosthetic group. AtGALDH lacks the histidine involved in covalent FAD binding, but
contains a leucine instead (Leu56). Leu56 replacements did not result in covalent
flavinylation but revealed the importance of Leu56 for both FAD-binding and catalysis. The
Leu56 variants showed remarkable differences in Michaelis constants for both L-galactono-
1,4-lactone and L-gulono-1,4-lactone and released their FAD cofactor more easily than wild-
type AtGALDH. This study provides the first biochemical characterization of AtGALDH and
some active site variants. The role of GALDH and possible involvement of other
aldonolactone oxidoreductases in the biosynthesis of vitamin C in A. thaliana are also

discussed.

Keywords: Arabidopsis thaliana; flavoprotein; L-galactono-1,4-lactone dehydrogenase; site-directed
mutagenesis; vitamin C biosynthesis

Abbreviations: ALO, D-arabinono-1,4-lactone oxidase; AtGALDH, Arabidopsis thaliana L-galactono-1,4-lactone
dehydrogenase; GALDH, L-galactono-1,4-lactone dehydrogenase; GLO, D-gluconolactone oxidase; GSH,
reduced glutathione; GUDH, L-gulono-1,4-lactone dehydrogenase; GUO, L-gulono-1,4-lactone oxidase; IPTG,
isopropyl thio-p-D-galactopyranoside; Ni-NTA, nickel nitrilotriacetic acid; VAO, vanillyl-alcohol oxidase
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Introduction

L-Ascorbic acid (vitamin C) is an important antioxidant, redox buffer and an enzyme cofactor
for many organisms. Plants and most animals can synthesize L-ascorbic acid to their own
requirements, but humans and other primates have lost this ability during evolution.
L-Ascorbic acid is particularly abundant in plants (millimolar concentrations) where it
protects cells from oxidative damage resulting from abiotic stresses and pathogens and it is a
cofactor for a number of enzymes (Smirnoff and Wheeler, 2000). Fruits and vegetables are
the main dietary source of vitamin C for humans.

L-Ascorbic acid and its fungal analogues D-erythroascorbic acid and D-erythorbic acid are
produced from hexose sugars. The final step in the biosynthesis of these compounds is
catalyzed by so-called sugar-1,4-oxidoreductases or aldonolactone oxidoreductases. These
enzymes contain a conserved FAD-binding domain present in the vanillyl-alcohol oxidase
(VAO) family of flavoproteins (Fraaije et al., 1998).

In animals, microsomal L-gulono-y-lactone oxidase (GUO) catalyzes the oxidation of
L-gulono-1,4-lactone into L-ascorbate (Linster and van Schaftingen, 2007). Humans are
deficient in GUO, the guo gene is highly mutated, hence ascorbate is a vitamin for man
(Nishikimi et al., 1994). In yeasts D-arabinono-1,4-lactone is converted to D-erythroascorbic
acid by a mitochondrial D-arabinono-y-lactone oxidase (ALO) (Huh et al., 1998) and in fungi
extracellular D-gluconolactone oxidase (GLO) produces D-erythorbic acid from
D-gluconolactone (Salusjirvi et al., 2004). Recently also a mycobacterial gulonolactone
dehydrogenase (Wolucka and Communi, 2006) and two aldonolactone oxidases from
trypanosome parasites (Wilkinson et al., 2005; Logan et al., 2007) have been identified. The
substrate specificity of the aldonolactone oxidoreductases varies considerably; GUO and
ALO, for example, can both oxidize various aldonolactones (Kiuchi et al., 1982; Huh et al.,
1994), but plant L-galactono-y-lactone dehydrogenase (GALDH) is highly specific for
L-galactono-1,4-lactone (Oba et al., 1995; Ostergaard et al., 1997; Yabuta et al., 2000).

The biosynthesis of L-ascorbic acid in plants comprises multiple routes (Fig. 3.1), but not
all enzymes involved have yet been discovered. The majority of the L-ascorbic acid pool is
synthesized via the so-called Smirnoff-Wheeler pathway (Smirnoff and Wheeler, 2000).
Recently, the last unknown enzyme from this pathway, responsible for the conversion of
GDP-L-galactose into L-galactose-1-phosphate, has been identified (Linster et al., 2007). Part
of the L-ascorbic acid pool is synthesized via D-galacturonic acid, a principal component of
cell wall pectins (Agius et al., 2003). Also part of the “animal pathway” with L-gulono-1,4-
lactone as the final precursor, seems to be operating in plants, but the enzymes involved have
not yet been identified (Davey et al., 1999; Wolucka and van Montagu, 2003).
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Figure 3.1. Proposed routes towards L-ascorbate biosynthesis in plants (Valpuesta and Botella, 2004; Ishikawa
et al., 2006). Oxidoreductases involved: (1) L-galactose dehydrogenase, (2) D-galacturonic acid reductase, (3)
myo-inositol oxygenase, (4) GALDH, (5) GALDH or an unknown GUO/GUDH.

GALDH (L-galactono-1,4-lactone: ferricytochrome c-oxidoreductase; EC 1.3.2.3)
catalyzes the oxidation of L-galactono-1,4-lactone to L-ascorbate with the concomitant
reduction of cytochrome ¢ (Fig. 3.1). GALDH is presumed to be an integral membrane
protein of the innermitochondrial membrane where it shuttles electrons into the electron
transport chain via cytochrome c¢ (Bartoli et al., 2000). GALDH has been extracted from the
mitochondria of a number of plants including cauliflower (Mapson and Breslow, 1958), sweet
potato (Oba et al., 1995; Imai et al., 1998), spinach (Mutsuda et al., 1995), and tobacco
(Yabuta et al., 2000). GALDH from cauliflower was expressed in yeast (Ostergaard et al.,
1997) and the enzyme from tobacco has been produced in Escherichia coli (Yabuta et al.,
2000). GALDH from Arabidopsis thaliana has been expressed in E. coli as a 3-galactosidase
fusion protein, but no characterization of the recombinant protein was performed (Tamaoki et
al., 2003).

Most aldonolactone oxidoreductases contain a covalently bound FAD, whereas plant
GALDH binds the FAD cofactor in a non-covalent manner (Imai et al., 1998; Yabuta et al.,
2000). Recently it was proposed that the aldonolactone oxidase from Trypanosoma cruzi
harbors a non-covalently bound FMN as cofactor (Logan et al., 2007). Though isolated from
various sources, aldonolactone oxidoreductases have been poorly characterized. The
molecular determinants for the differences in cofactor binding and substrate specificity

between these enzymes are unclear, no information is available about the nature of the active
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site, and no three-dimensional structure for this group of flavoenzymes is available. In this
study, mature GALDH from A. thaliana (AtGALDH) was expressed in E. coli, and its
biochemical properties were investigated. Several AtGALDH variants were constructed to
address the role of Leu56 in FAD binding.

Materials and Methods

Chemicals - Ni-NTA agarose was purchased from Qiagen (Valencia, CA, USA), and Bio-Gel
P-6DG was from Bio-Rad (Hercules, CA, USA). HiLoad 26/10 Q-Sepharose HP, Superdex
200 HR 10/30, low molecular weight protein marker, pre-stained kaleidoscope protein
standards, and the reference proteins catalase (232 kDa), aldolase (158 kDa), bovine serum
albumin (BSA) (68 kDa), and ovalbumin (43 kDa) were obtained from Pharmacia Biotech
(Uppsala, Sweden). L-Galactono-1,4-lactone, L-gulono-1,4-lactone, D-gulono-1,4-lactone,
L-mannono-1,4-lactone, D-galacturonic acid, FAD, FMN, riboflavin, reduced glutathione
(GSH), nitroblue tetrazolium, 5-bromo-4-chlor-3-indolylphosphate, bovine heart cytochrome
¢, 1,4-benzoquinone, and phenazine methosulphate were from Sigma-Aldrich (St. Louis, MO,
USA). D-Galactono-1,4-lactone was from Koch-Light LTD (Haverhill, Suffolk, UK).
L-Ascorbic acid, glucose, and 2,6-dichlorophenolindophenol were from Merck (Darmstadt,
Germany). Isopropyl thio-B-D-galactopyranoside (IPTG) and dithiothreitol (DTT) were
obtained from MP biomedicals (Irvine, CA, USA). Secondary antibody conjugated to alkaline
phosphatase and DNasel were from Boehringer Mannheim GmbH (Mannheim, Gernamy).
Restriction endonucleases, T4-DNA ligase, and dNTPs were purchased from Invitrogen
(Carlsbad, CA, USA). Pwo DNA polymerase, glucose oxidase and Pefabloc SC were
obtained from Roche Diagnostics GmbH (Mannheim, Germany). Oligonucleotides were
synthesized by Eurogentec (Liege, Belgium). The pET23a(+) expression vector and E. coli
strain BL21(DE3) were from Novagen (San Diego, CA, USA). All other chemicals were from

commercial sources and of the purest grade available.

Sequence analysis - The genome of 4. thaliana was analyzed for the presence of GALDH and

related aldonolactone oxidoreductase sequences at www.arabidopsis.org. BLAST-P analysis

(www.ncbi.nlm.nih.gov/blast) was performed to find GALDH orthologs in other genomes

(Altschul et al., 1997). Multiple sequence alignments were made using the Clustal W software
(Thompson et al., 1994). The TargetP (www.cbs.dtu.dk/services/TargetP) and PSORT
(www.psort.org) tools were used to predict the subcellular localization of AtGALDH and
TMpred (http://www.ch.embnet.org/software/TMPRED_form.html) was used to predict the

presence of transmembrane regions in the sequence of AtGALDH.
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Cloning of AtGALDH c¢DNA for expression in E. coli - A 1.5 kb DNA fragment encoding
mature AtGALDH (amino acids 102-610) was PCR amplified from A. thaliana (ecotype
Columbia) seedling cDNA, using the oligonucleotides AtGALDH fw102 (5’-GGA ATT
CCA TAT GTA CGC TCC TTT ACC TGA AG-3’) and AtGALDH rv (5’-CCG CTC GAG
AGC AGT GGT GGA GAC TG-3’), introducing Ndel and Xhol restriction sites (underlined),
respectively. The amplified fragment was cloned between the Ndel and Xhol sites of the
pET23a(+) expression vector fused to a C-terminal Hise-tag. The resulting construct (pET-
AtGALDH-Hise) was verified by automated sequencing of both strands and electroporated to
E. coli BL21(DE3) cells for recombinant expression.

Site-directed mutagenesis - The AtGALDH mutants L56A, L56C, L56F, L56H, and L561
were constructed using pET-AtGALDH-Hise as template with the QuikChange II method
(Stratagene, La Jolla, CA, USA). The oligonucleotides used are listed in Table 3.1, changed
nucleotides are underlined. Successful mutagenesis was confirmed by automated sequencing
of both strands. The resulting constructs pET-AtGALDH L56H-Hiss, pET-
AtGALDH L56C-Hiss, pET-AtGALDH L56A-Hiss, pET-AtGALDH L56I-Hise, and pET-
AtGALDH L56F-Hiss were electroporated to E. coli BL21(DE3) cells for recombinant

expression.

Table 3.1. Oligonucleotides used for the construction of AtGALDH_Leu56 variants. Only sense primers are
shown, changed nucleotides are underlined.

Variant Oligonucleotide sequence (5’— 3’)

L56A CCCGTTGGATCGGGTGCCTCGCCTAATGGGATTG
L56C CCCGTTGGATCGGGTTIGCTCGCCTAATGGGATTG
L56F CCCGTTGGATCGGGTITITCGCCTAATGGGATTG

L56H CCCGTTGGATCGGGTCACTCGCCTAATGGGATTG
L561 CCCGTTGGATCGGGTATITCGCCTAATGGGATTG

Enzyme production and purification - The Akta explorer FPLC system (Pharmacia Biotech)
was used for all purification steps. For enzyme production E. coli BL21(DE3) cells, harboring
a pET-AtGALDH plasmid, were grown in Luria-Bertani medium supplemented with 100
pg/ml ampicillin until an ODggg of 0.7 was reached. Expression was induced by the addition
of 0.4 mM IPTG and the incubation was continued for 16 h at 37°C. Cells (58 g wet weight)
were harvested by centrifugation, resuspended in 60 ml 100 mM potassium phosphate, 1 mM
Pefabloc SC, 5 mM GSH, pH 7.4 and subsequently passed twice through a pre-cooled French
Pressure cell (SLM Aminco, SLM Instruments, Urbana, IL, USA) at 10,000 PSI. The
resulting homogenate was centrifuged at 25,000 x g for 30 min at 4°C to remove cell debris,
and the supernatant was applied onto a Ni-NTA agarose column (16 x 50 mm) equilibrated
with 50 mM sodium phosphate, 300 mM NaCl, 5 mM GSH, pH 7.4. The column was washed
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with two volumes equilibration buffer and with two volumes equilibration buffer containing
20 mM imidazole. The enzyme was eluted with 300 mM imidazole in equilibration buffer.
The active fraction was dialyzed at 4°C against 25 mM Tris-HCI, 0.1 mM EDTA, 5 mM
GSH, 200 uM FAD, pH 7.4. After removal of insoluble material by centrifugation at 25,000 x
g for 30 min at 4°C, the soluble fraction was applied onto a HiLoad 26/10 Q-Sepharose HP
column equilibrated with 25 mM Tris-HCI, 5 mM GSH, pH 7.4. After washing with two
column volumes of starting buffer, the protein was eluted with a linear gradient of NaCl (0-
0.2 M) in the same buffer. Active fractions were pooled and concentrated using the Ni-NTA
agarose column (see above). The final preparation was saturated with FAD; excess FAD was
removed by size-exclusion chromatography using a Bio-Gel P-6DG column (15 x 130 mm)
equilibrated with 20 mM sodium phosphate, 0.1 mM DTT, pH 7.4, and the enzyme was
stored at -80°C. Before analysis, the enzyme was freshly incubated with I mM DTT.

Protein analysis - SDS-PAGE was performed using 12.5% acrylamide slab gels essentially as
described by Laemmli (Laemmli, 1970). Proteins were stained using Coomassie Brilliant
Blue R-250. For western blot analysis, the gels were blotted onto a nitrocellulose membrane
(Optitran BA-S 85 Reinforced NC, Schleicher & Schuell GmbH, Whatman group, Dassel,
Germany) and incubated with rabbit anti-Hise polyclonal antibodies and a secondary antibody
coupled to alkaline phosphatase. Proteins were visualized using nitroblue tetrazolium and
5-bromo-4-chlor-3-indolylphosphate as substrates for alkaline phosphatase detection. Total
protein concentrations were estimated using the Bradford protein assay from Bio-Rad with
BSA as standard (Bradford, 1976). Analytical gel filtration to investigate the hydrodynamic
properties of AtGALDH was performed on a Superdex 200 HR 10/30 column running in 50
mM potassium phosphate and 150 mM potassium chloride, pH 7.0, coupled to the Akta
explorer FPLC system. Gel filtration experiments to study the interaction of AtGALDH with
bovine heart cytochrome ¢ were performed using the same column running in potassium
pyrophosphate, pH 8.8, I = 25 mM. Desalting or buffer exchange of small aliquots of enzyme

was performed with Bio-Gel P-6DG columns.

Spectral analysis - Absorption spectra were recorded at 25°C on a Hewlett Packard
(Loveland, CO, USA) 8453 diode array spectrophotometer in 50 mM sodium phosphate
buffer, pH 7.4. The molar absorption coefficient of protein-bound FAD was determined by
recording the absorption spectrum of AtGALDH in the presence and absence of 0.1% (w/v)
SDS, assuming a molar absorption coefficient for free FAD of 11.3 mM™ cm™ at 450 nm.
Purified enzyme concentrations were routinely determined by measuring the absorbance at
450 nm using the molar absorption coefficient for protein-bound FAD. Spectra were collected

and analyzed using the UV-Visible ChemStation software package (Hewlett Packard).
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Photoreduction of AtGALDH (11 uM) in the presence of EDTA and 5-deazaflavin was
performed in 50 mM sodium phosphate, pH 7.4 as described (Macheroux, 1999). Catalytic
amounts of glucose oxidase and 1.5 mM B-D-glucose were added to scavenge final traces of
oxygen and catalase was added to remove hydogen peroxide formed during the reaction.
Solutions were made anaerobic by alternate evacuation and flushing with oxygen-free argon.
[Nlumination was performed in a 25°C water bath with a 375 W light source (Philips,
Eindhoven, The Netherlands) at 15 cm distance. Spectra were taken at regular intervals during
illumination until complete reduction was achieved.

Titration of AtGALDH (10 uM) with sodium sulfite was carried out in 50 mM sodium
phosphate buffer, pH 7.4. A 1 M sodium sulfite stock solution in 50 mM sodium phosphate
buffer, pH 7.4 was freshly prepared before use, suitable dilutions were made in the same
buffer before addition to the enzyme solution. Spectra were taken until no further change was
observed before the next addition was done. Final sodium sulfite concentrations were 0, 5, 10,
25,49, 98, 196 and 977 uM. The dissociation constant (K4) was calculated from the change in
the absorbance at 450 nm during the titration using a direct non-linear regression fit to the
data with the Igor Pro program (Wavemetrics, Lake Oswego, OR, USA):

AAL50 - AA450,, X [sulfite]

K, +[sulfite]

(eq. 3.1)

Cofactor determination - The flavin cofactor of AtGALDH was determined by thin layer
chromatography (TLC). The cofactor was released from the protein by boiling for 30 min or
acid treatment. The protein precipitate was removed by centrifugation and the supernatant was
applied together with the reference compounds FAD, FMN and riboflavin onto a TLC plate
(Baker-flex Silica Gel 1B2, J.T. Baker Inc., Phillipsburg, NY, USA). Butanol:acetic

acid:water (5:3:3) was used as mobile phase.

Activity measurements - GALDH activity was routinely assayed by following the reduction of
cytochrome ¢ at 550 nm at 25°C on a Hewlett Packard 8453 diode array spectrophotometer.
Initial velocity values were calculated using a molar difference absorption coefficient (Ag) of
21 mM™ em™ for reduced minus oxidized cytochrome c¢. Because DTT interferes with the
reaction, it was removed from the enzyme solution by Bio-Gel P-6DG gel filtration
immediately prior to use. For activity measurements enzyme preparations were diluted in
assay buffer containing 1 mg/ml BSA. The standard assay mixture (1 ml) contained assay
buffer with pH 8.8 and an ionic strength of 25 mM, 1 mM L-galactono-1,4-lactone, and 50
UM cytochrome c; the reaction was started by the addition of enzyme. One unit of enzyme
activity (U) is defined as the amount of enzyme that oxidizes 1 pmol of L-galactono-1,4-

lactone per min, which is equivalent to the reduction of 2 umol of cytochrome ¢ (Oba et al.,
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1995). The optimal pH for activity of AtGALDH was determined using 25 mM Hepes, Taps,
and Ches buffers with varying pH (pH 7 — 9.5) and adjusted to an ionic strength of 25 mM
with NaCl.

The kinetic parameters Ky, and Vyax were calculated from multiple measurements with
various substrate concentrations using a direct non-linear regression fit to the data. The
activity of AtGALDH with L-gulono-1,4-lactone followed Michaelis-Menten kinetics, Ky, and
Vinax values of wild-type GALDH for L-gulono-1,4-lactone were calculated using the
Michaelis-Menten equation. The Ky, and Viax values of wild-type GALDH for L-galactono-

1,4-lactone were calculated using an equation which includes substrate inhibition:

Vapp X [S]
[S]? J (eq. 3.2)

V=

i

Km+[S]+(

The turnover number (kca, s'l) was calculated using:

Vmax x 58.8 kDa

keat = 60 (eq. 3.3)

The activity of AtGALDH with other electron acceptors was also determined from initial
rate experiments. In all cases DTT can interfere with the reaction, so it was removed from the
enzyme stock solution by Bio-Gel P-6DG gel filtration immediately prior to use. All reactions
were performed with 1 mM L-galactono-1,4-lactone as substrate in assay buffer with pH 8.8
and an ionic strength of 25 mM at 25°C. The activity with 2,6-dichlorophenolindophenol was
measured at 600 nm (g0 = 22 mM™! cm'l), the activity with phenazine methosulfate was
measured in the presence of the mediator 2,6-dichlorophenolindophenol at 600 nm, the
activity with potassium ferricyanide was measured at 420 nm (&40 = 1 mM™! cm'l), and the
activity with 1,4-benzoquinone was measured at 290 nm (g299 = 2.3 mM™! cm'l). The reactivity
with molecular oxygen was determined with a polarographic oxygen uptake assay using a
Clark electrode.

Enzyme stability - The thermal stability of AtGALDH was determined at 52°C. Enzyme
preparations were diluted in 50 mM sodium phosphate, pH 7.4 to a final concentration of 1
uM and incubated at the indicated temperatures in the presence or absence of 10 uM FAD.
The time-dependent loss of activity was followed by the standard assay procedure; aliquots
were withdrawn from the incubation mixtures at intervals and assayed for residual enzyme
activity. To discriminate between global and local unfolding, at the end of the heating period,

the enzyme activity was also measured in the presence of 10 uM FAD.
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Apoprotein preparation - The ease of cofactor release was examined by on-column washing
with chaotropic salts (Hefti et al., 2003°). To this end, the His-tagged proteins (ca. 2.5 mg)
were bound to a 1 ml Ni-affinity gravity-flow column (HisGraviTrap, GE Healthcare
Bioscience AB, Uppsala, Sweden) in the presence of 50 mM sodium phosphate, 300 mM
NaCl, pH 7.4; the column was washed with 10 column volumes of the same buffer containing
2 M KBr and subsequently with buffer containing 2 M KBr and 2 M urea. (Apo)protein was
collected by elution with 300 mM imidazole in buffer. The collected fractions were analyzed
for GALDH activity in the absence and presence of FAD.

Product analysis - To analyze the products of the enzymatic oxidation of L-galactono-1,4-
lactone and L-gulono-1,4-lactone by AtGALDH, 1 mM solutions of these compounds were
incubated for 2 h at 25°C with the recombinant enzyme (10 pg) in air saturated assay buffer
(0.24 mM O,). Before analysis the incubation mixtures were centrifuged for 10 min at
maximal speed in a standard tabletop microfuge. The supernatants were analyzed by HPLC
using a Waters (Milford, MA, USA) 600 controller with a Waters In Line Degasser coupled
to a Waters 996 photo-diode array detector. Separation was performed at room temperature on
an Alltima C;g column (150 x 4.6 mm, 5 pm particle size; Alltech Associates, Deerfield, IL,
USA). The column was equilibrated with 0.1% trifluoroacetic acid, 5% acetonitrile in water,
elution was performed with a linear gradient of 5 to 100% acetonitrile in 20 min.
Chromatograms were recorded at 254 nm. L-Ascorbic acid, L-galactono-1,4-lactone and
L-gulono-1,4-lactone served as references. System control and data collection and analysis
was performed using the Millenium®® software package (Waters). Due to its hydrophilic
nature, L-ascorbate was not retarded on the column under these conditions and eluted in the

flow-through with a retention time of ca. 2 min.
Results

Sequence analysis - Genome analysis revealed that A. thaliana contains one gene
(At3g47930) coding for GALDH. The full-length AtGALDH protein contains 610 amino
acids with a theoretical molecular mass of 68,496 Da. Multiple sequence alignment showed
that AtGALDH shares about 80-90% sequence identity with GALDH proteins from other
plants. Less than 25% sequence identity and about 30-40% sequence similarity was found
with other aldonolactone oxidoreductases. The highest degree of sequence conservation was
found in the FAD-binding domain (Fig. 3.2). From the alignment it is clear that plant
GALDH’s lack the histidine residue involved in covalent flavinylation in GUO, ALO, and
GLO:; but contain a leucine residue instead (Leu56 in mature AtGALDH), indicating that the

flavin cofactor is non-covalently bound to the protein.
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Full-length AtGALDH contains a mitochondrial target sequence with a putative FR/YA
cleavage site (Fig. 3.2). An identical cleavage site is present in the sequences of GALDH
from cauliflower, sweet potato, and tobacco (Ostergaard et al., 1997; Imai et al., 1998; Yabuta
et al., 2000). N-terminal sequence analysis of GALDH isolated from cauliflower
mitochondria showed that the mature protein starts exactly at the tyrosine of the predicted
cleavage site (Dstergaard et al., 1997). Though plant GALDH’s were previously identified as
integral membrane proteins of the inner mitochondrial membrane (Siendones et al., 1999;
Bartoli et al., 2000), we did not find any transmembrane regions in the sequence of mature
AtGALDH.

Cloning and functional expression of AtGALDH in E. coli - A 1.5 kb DNA fragment encoding
mature AtGALDH was PCR amplified from an A. thaliana seedling cDNA library. The
amplified fragment was cloned into the pET23a vector under the control of the strong T7
promoter. An in-frame fusion at the 3’ end was made with a fragment encoding a Hise-tag on
the vector. The resulting ORF encodes a 511 residues long polypeptide, comprising mature
AtGALDH, two extra residues (Leu and Glu) and the Hisg¢-tag.

Mature AtGALDH-Hisg, with a predicted molecular mass of 58,763 Da, was expressed in
E. coli BL21(DE3) cells as soluble cytoplasmic protein. Highest levels of expression were
found after 16 h of induction with 0.4 mM IPTG at 37°C. Expression of the recombinant Hise-
tagged protein was confirmed by Western blot analysis with a polyclonal rabbit anti-Hise-
antibody and by the presence of GALDH activity in the cell extract of IPTG induced E. coli
BL21(DE3) - pET-AtGALDH-Hise cells. The recombinant protein was purified to apparent
homogeneity by two successive chromatographic steps (Fig. 3.3). About 210 mg of
recombinant AtGALDH protein could be purified from a 12 L batch culture containing 58 g
of cells (wet weight). The final preparation had a specific activity of 76 U mg™ (Table 3.2).
This ‘as isolated’ activity increased by a factor of about 1.4 when the enzyme was treated
with 1 mM DTT (vide infra). Recombinant AtGALDH migrated in SDS-PAGE as a single
band with an apparent molecular mass of around 55 kDa (Fig. 3.3). This value is in fair
agreement with the calculated molecular mass (58.8 kDa). The relative molecular mass of
recombinant AtGALDH was estimated to be 56 kDa by analytical size-exclusion

chromatography, which indicates a monomeric structure (data not shown).
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Figure 3.2. (Previous page). Multiple sequence alignment of the full length amino acid sequence of AtGALDH
with several aldonolactone oxidoreductases. The accession numbers [NCBI Entrez Protein Database] used for
the multiple sequence alignment are: BoGALDH: cauliflower GALDH (CAB09796), NtGALDH: tobacco GALDH
(BAA87934), RnGUO: rat GUO (P10867), SCALO: Saccharomyces cerevisiae ALO (P54783), PgGLO: Penicillium
griseoroseum GLO (AAT80870), TbALO: Trypanosoma brucei ALO (AAX79383), MtGUDH: Mycobacterium
tuberculosis GUDH (CAB09342). Alignment was done using the program ClustalW. Amino acid residue numbers
are shown on the right. Identical residues are shaded in black, similar residues are shaded in grey. The arrow (V)
indicates the putative cleavage site of the mitochondrial targeting sequence in plant GALDH (FR/YA). The
asterisk (*) marks the histidine residue involved in covalent binding of the FAD cofactor in GUO, ALO and GLO.
The FAD-binding domain (Fraaije et al., 1998) is underlined.
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Figure 3.3. SDS-PAGE analysis of the purification of recombinant AtGALDH. Lane A: low molecular weight
marker; lane B: cell extract; lane C: Ni-NTA pool; lane D: Q-Sepharose pool.

Table 3.2. Purification of AtGALDH expressed in E. coli.

Step Protein Activity Spec. act1ivity Yield
(mg) () (Umg') (%)
Cell extract 3469 25947 7 100
Ni-NTA agarose 401 24878 62 96
Q-Sepharose 214 16365 76° 63
As isolated.

Spectral properties of AtGALDH - Recombinant AtGALDH showed a typical flavoprotein
absorption spectrum with maxima at 276 nm, 375 nm and 450 nm and a shoulder at 475 nm
(Fig. 3.4A, solid line). The molar absorption coefficient of the protein-bound flavin was
determined to be 12.9 mM™ cm™ at 450 nm. The A276/Assp ratio of the FAD-saturated protein
preparation was 8.15. The redox active flavin cofactor could be released from the protein by
boiling or acid treatment, confirming the non-covalent binding mode already predicted from

the amino acid sequence. The released cofactor was identified as FAD by TLC.
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Aerobic incubation of the protein with excess L-galactono-1,4-lactone resulted in a rapid
bleaching of the yellow color and a completely two-electron reduced flavin spectrum,
indicating that the FAD cofactor participates in the electron-transfer reaction (Fig. 3.4A,
dotted line). Because cytochrome c is a one-electron acceptor, the re-oxidation of AtGALDH
by cytochrome ¢ involves two consecutive one-electron transfer steps involving a flavin
semiquinone intermediate. In an attempt to identify the nature of this radical species, the
protein was artificially reduced by photoreduction in the presence of EDTA and 5-deazaflavin
(Fig. 3.4B). During the first part of the reduction an absorption peak appears around 390 nm,
which is indicative for the formation of the red anionic flavin semiquinone. Reduction
proceeds until the fully reduced flavin hydroquinone state is obtained. Exposing the two-
electron reduced protein to air readily resulted in the re-appearance of the fully oxidized
spectrum.

The stabilization of the red anionic form of the flavin semiquinone intermediate together
with the formation of a flavin N5-sulfite adduct are properties commonly associated with
flavoprotein oxidases, and are indicative for the presence of a positive charge near the flavin
N1 locus (Lederer, 1978; Fraaije and Mattevi, 2000). The formation of such a flavin-sulfite
adduct results in bleaching of the yellow color (Massey et al., 1969). AtGALDH readily
reacted with sodium sulfite with a dissociation constant (K4) of 18 uM for the flavin-sulfite
complex (Fig. 3.4C). Addition of excess L-galactono-1,4-lactone (4 mM) to the AtGALDH-
sulfite complex yielded the spectrum of the reduced enzyme (cf. Fig. 3.4A), demonstrating

that the reaction with sulfite is reversible.

Catalytic properties of AtGALDH - Recombinant AtGALDH was highly active with its
natural substrate L-galactono-1,4-lactone and its electron acceptor cytochrome ¢ (Table 3.3).
The L-gulono-1,4-lactone isomer was also oxidized at significant rate (Table 3.3). AtGALDH
was inhibited by the L-galactono-1,4-lactone substrate at concentrations above 2 mM (Fig.
3.5A; Ki = 164 mM). No substrate inhibition was found with L-gulono-1,4-lactone at
concentrations up to 100 mM (Fig. 3.5B). The substrate analogues D-galactono-1,4-lactone,
D-gulono-1,4-lactone, L-mannono-1,4-lactone and D-galacturonic acid were no substrates for
AtGALDH and did not inhibit the oxidation of L-galactono-1,4-lactone.

The product of the AtGALDH mediated oxidation of L-galactono-1,4-lactone and
L-gulono-1,4-lactone was analyzed by HPLC. Because the presumed product L-ascorbate can
reduce cytochrome c, resulting in the formation of dehydroascorbic acid, which is hydrolyzed
to 2,3-diketo-L-gulonic acid at the pH of the reaction, the reaction was performed without the
addition of cytochrome c. Although the reaction with oxygen occurs slowly, after several
hours of incubation enough product was generated to perform the analysis. The products of
the reaction of AtGALDH with both L-galactono-1,4-lactone and L-gulono-1,4-lactone eluted
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with the same retention time as the L-ascorbic acid reference and showed identical spectral

properties (results not shown).

AtGALDH was also active with the artificial electron acceptors phenazine methosulfate

and 1,4-benzoquinone (Table 3.3). The reaction with molecular oxygen (aerated buffer)

proceeded very slow with a bi-molecular rate constant (kox) of 6 X 10> M s,

2,6-Dichlorophenolindophenol and potassium ferricyanide were no electron acceptors for

recombinant AtGALDH.
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Figure 3.4. Spectral properties of recombinant
AtGALDH. (A) Aerobic reduction with excess substrate.
The reaction mixture contained 50 mM sodium
phosphate, pH 7.4, 20 uM AtGALDH and 1 mM
L-galactono-1,4-lactone and was incubated at 25°C.
Spectra were taken before (solid line) and after the
addition of L-galactono-1,4-lactone. Complete reduction
was achieved 4 min after the addition of the substrate
(dotted line). (B) Anaerobic photoreduction in the
presence of EDTA and 5-deazariboflavin. The reaction
mixture contained 50 mM sodium phosphate, pH 7.4, 11
uM AtGALDH, 1 mM EDTA, and 7 uM 5-deazaflavin.
Spectra were taken at regular intervals before
illumination (solid line), and at regular intervals during
illumination until complete reduction was achieved after
15 min (dotted line). The dashed line and the dashed-
dotted line represent the intermediate spectra observed
during the reduction after 1 min and 2 min of
illumination, respectively. Spectra were corrected for 5-
deazaflavin absorption. (C) Titration of AtGALDH with
sodium sulfite. The reaction was carried out with 10 uM
AtGALDH in 50 mM sodium phosphate buffer, pH 7.4.
Spectra are shown after the addition of 0, 5, 10, 25, 49,
98, 196 and 977 uM sulfite (final concentrations) until no
further changes were observed. Spectra were corrected
for changes in the reaction volume during the
experiment. The inset shows the absorbance difference
at 450 nm during the titration, from which a dissociation
constant (Kqy) for the enzyme-sulfite complex of 18 uM
was calculated.
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Table 3.3. Steady-state kinetic parameters of AtGALDH. Apparent kinetic constants were determined at 25°C in
assay buffer, pH 8.8 (/ = 25 mM). *Substrate concentrations varied between 5 uM and 5 mM for L-galactono-1,4-
lactone and between 0.5 and 100 mM for L-gulono-1,4-lactone, with a constant cytochrome ¢ concentration of 50
puM. Values are presented as mean + SD of three experiments. *Electron acceptor concentrations varied between
1 uM and 200 uM for cytochrome ¢, 1 uM and 500 uM for phenazine methosulfate and between 10 uM and 2.3
mM for 1,4-benzoquinone, with a constant L-galactono-1,4-lactone concentration of 1 mM. Values are presented
as mean * SD of two experiments.

Km kcat kcat / Km

(mM) (s (mM's™)
Substrate*
L-galactono-1,4-lactone 0.17 +0.01 134 £5 7.7 x 10?
L-gulono-1,4-lactone 13.1+2.8 40+0.2 3.1x 10"
Electron acceptor#
Cytochrome ¢ 0.034 +0.002 151 +1 4.4 x10°
Phenazine methosulfate 0.026 + 0.004 64+3 24 x10°
1,4-Benzoquinone 0.280 £ 0.05 108 £ 12 3.9 x 102

AtGALDH displayed a broad pH optimum for activity with cytochrome ¢ between pH 8
and 9.5 with a maximum around pH 8.8 (Fig. 3.5C). The activity of AtGALDH with
cytochrome ¢ was highly dependent on the ionic strength of the solution. Maximal activity
was at / =25 mM and respectively 75 %, 30% and 10% of the maximal activity was found at
I=5mM, I =100 mM, and 7/ = 200 mM. No specific inhibition by cations or anions was
observed. The theoretical p/ of the recombinant AtGALDH-Hiss is 6.8. No interaction
between AtGALDH and cytochrome ¢ (p/ = 10-10.5) was observed during analytical gel
filtration at pH 8.8, either in the absence or presence of L-galactono-1,4-lactone (data not
shown).

Recombinant AtGALDH appeared to be very stable under storage conditions; long term
storage (> 12 months) at -80°C resulted in a 30-50% loss of activity, which could be
completely restored upon incubation with the reducing agent DTT. Recombinant AtGALDH
was relatively stable when incubated at elevated temperatures, with a half-life of 20 min at
52°C. In the presence of excess FAD, the half-life at 52°C was increased to 115 min,
suggesting that the holo form of the enzyme is more thermostable than the apo form. Both
local and global unfolding play a role in the thermoinactivation process. This is concluded
from the fact that in both incubations, 10 + 4 % of enzyme activity was recovered at the end

of the heating process when excess FAD was included in the assay mixture.
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Figure 3.5. Activity of recombinant AtGALDH. (A) Michaelis-Menten kinetics of the AtGALDH-mediated oxidation
of L-galactono-1,4-lactone. (B) Michaelis-Menten kinetics of the AtGALDH-mediated oxidation of L-gulono-1,4-
lactone. (C) AtGALDH activity as a function of pH. Activities were measured in 25 mM Hepes (pH 7-8), Taps (pH
8-9), and Ches (pH 9-9.5) buffers with a constant ionic strength of 25 mM adjusted with NaCl containing 1 mM
L-galactono-1,4-lactone and 50 pM cytochrome c at 25°C.

Properties AtGALDH Leu56 mutants - In order to find out more about the role of Leu56 in the
FAD binding site, several AtGALDH Leu56 variants were constructed (see Materials and
Methods section). The L56A, L56C and L56H variants were expressed and purified in
essentially the same way as wild-type AtGALDH-Hises with similar yields (see Materials and
Methods). The L561 and L56F variants were purified in a single gravity-flow Ni-affinity
chromatography step with comparable yields and purities as the other variants.

All AtGALDH Leu56 variants contained non-covalently bound FAD. The FAD cofactor
was partially released during the purification procedure, a phenomenon hardly observed with
the wild-type enzyme. The holo forms of the Leu56 variants could easily be reconstituted by
the addition of FAD and their flavin absorption properties were nearly identical to the wild-
type enzyme.

The Leu56 variants showed interesting catalytic properties. The L561 variant displayed a
higher turnover rate with the L-galactono-1,4-lactone substrate than wild-type AtGALDH and
the L56F variant, 240 s vs. 134 and 126 s/, respectively. The other Leu56 variants were all
considerably less active than the wild-type enzyme and showed remarkable differences in
apparent Michaelis constants for the L-galactono-1,4-lactone substrate (Table 3.4). L56H as
well as L561 and L56F showed a relatively low Ky, in the same range as wild-type
AtGALDH, whereas the L56C and L56A variants had rather high K, values in the millimolar
range. A similar trend in K, values was found for the L-gulono-1,4-lactone substrate. As for
wild-type AtGALDH, molecular oxygen could not serve as efficient electron acceptor for the

mutant enzymes.
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Table 3.4. Steady-state kinetic parameters of AtGALDH variants. Apparent kinetic constants were determined at
25°C in assay buffer, pH 8.8 (/ = 25 mM) with L-galactono-1,4-lactone concentrations varying between 10 uM and
10 mM and a constant cytochrome ¢ concentration of 50 uM. Values are presented as mean + SD of at least two
experiments.

Km kcat kcat/ Km

Enzyme 1 A
(mM) (s) (mM™ s™)

Wild-type 0.17 £0.01 134 +5 7.7 x 10°
L561 0.32+£0.01 240 +£12 7.5 x 10°
L56H 0.12+0.01 32+1 2.6 x 10°
L56F 0.56 £0.02 126 + 1 2.3x10°
L56C 0.99 £0.05 76+3 7.8x 10"
L56A 1.7 +£0.05 45+ 2 2.6x10'

As noted above, the FAD cofactor is more loosely bound in the Leu56 variants than in
wild-type AtGALDH. Cofactor binding was analyzed in more detail by nickel-affinity
chromatography (Hefti et al., 2003"). Washing the immobilized proteins with chaotropic salts
resulted in elution of the flavin for all Leu56 variants, but was least for wild-type AtGALDH
as judged by the presence of the yellow color. The (apo)proteins were subsequently eluted
from the column with buffer containing 300 mM imidazole and tested for activity. In the
absence of FAD in the assay mixtures, wild-type AtGALDH and the L56F and L56I variants
still contained respectively 60, 50 and 40% of their original activity, whereas the other
variants had lost 80-90% of their activity. All Leu56 variants regained most of their activity
(60-90%) in the presence of FAD, whereas the activity of variant L56C was restored to less
than 30%. The L56C variant is rather unstable without its cofactor bound, and irreversibly
forms aggregates after elution from the affinity column. It is clear that under the conditions
applied, FAD is most firmly bound in the wild-type enzyme and in the variants in which
Leu56 is replaced by (large) hydrophobic residues. Replacing Leu56 with a polar or less
bulky residue results in easier loss of FAD, indicating that the interaction of Leu56 with the
cofactor is of hydrophobic nature and may also involve a steric effect.

The thermal stability of variant L56H was examined in more detail. This variant, with a
half-life of 8 min at 52°C, appeared somewhat less thermostable than wild-type AtGALDH.
Addition of FAD during the incubation increased the half-life of L56H at 52°C to 46 min.

Discussion

In this report, we present for the first time a detailed study of the biochemical properties of
recombinant AtGALDH and some active site variants. In contrast with an earlier report
(Wolucka and van Montagu, 2003), AtGALDH is not strictly specific for L-galactono-1,4-
lactone. The enzyme oxidizes L-gulono-1,4-lactone at significant rate, but the catalytic

efficiency for the gulonolactone isomer is relatively low. For GALDH from sweet potato and
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tobacco it was stated that these enzymes also oxidize the gulonolactone isomer (Oba et al.,
1995; Yabuta et al., 2000), but no kinetic parameters were reported. From our results we
conclude that AtGALDH shows a high enantiopreference for L-galactono-1,4-lactone and that
a difference in orientation of the 3-hydroxyl group of the substrate is responsible for a 100-
fold higher K,, and 3000-fold lower catalytic efficiency.

The main precursor of L-ascorbate in plants is L-galactono-1,4-lactone (Smirnoff and
Wheeler, 2000). It has been demonstrated that plants can also produce L-ascorbate via
L-gulono-1,4-lactone, but the enzymes involved are unknown. Arabidopsis cell suspensions
can synthesize and accumulate L-ascorbate from the precursor L-gulono-1,4-lactone (Davey et
al., 1999). Furthermore, L-gulono-1,4-lactone oxidase/dehydrogenase activity has been
demonstrated in hypocotyl homogenates of kidney beans (Siendones et al., 1999) and in
cytosolic and mitochondrial fractions from Arabidopsis cell suspensions (Davey et al., 1999)
and potato tubers (Wolucka and van Montagu, 2003). These data suggest the existence of
differently localized isozymes that can produce vitamin C from either L-galactono- or
L-gulono-1,4-lactone. Bartoli and co-workers predicted that GALDH from sweet potato tubers
is an integral membrane protein with three transmembrane regions (Bartoli et al., 2000). We
did not find any transmembrane regions in the sequence of mature AtGALDH. In agreement
with this, the enzyme was expressed in soluble form in E. coli. This leaves the possibility that
the observed gulonolactone oxidizing capability of AtGALDH is of significance in vivo.

A recent study on the RNAI silencing of GALDH from tomato revealed the importance of
GALDH for plant and fruit growth. A severe reduction in GALDH activity can be lethal to
the plant. Interestingly, the total ascorbate content remained unchanged in the GALDH
silenced plants. As possible explanations the reduction in ascorbate turnover and the
activation of alternative ascorbate biosynthesis pathways were proposed (Alhagdow et al.,
2007). Although the gulonolactone activity of AtGALDH might be of physiological relevance
it cannot be excluded that other aldonolactone oxidoreductases with different subcellular
localizations are responsible for the observed gulonolactone activity in vivo. It has been
proposed that members of a putative subfamily of VAO-like flavoproteins might be
responsible for the conversion of L-gulono-1,4-lactone into L-ascorbate (Wolucka and van
Montagu, 2003). Sequence analysis of the predicted gene products suggest that they are
targeted to different subcellular locations.

So far no information was available about the thermal stability of GALDH enzymes.
AtGALDH appeared to be a rather stable enzyme, though at elevated temperatures it looses
its FAD cofactor. The strong increase in thermal stability in the presence of excess FAD
indicates that the cofactor protects the enzyme from irreversible unfolding or aggregation.
Covalent flavinylation has also been associated with improving flavoprotein stability, a

covalent flavin-protein link is presumed to have a similar stabilizing effect as a disulfide
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bridge (Mewies et al., 1998). Nevertheless, several aldonolactone oxidoreductases with a
covalently bound FAD are less stable than AtGALDH. ALO from C. albicans completely lost
activity within 1 min at 50°C (Huh et al., 1994). GLO from P. cyaneo-fulvum (renamed
P. griseoroseum) quickly lost its activity above 45°C (Salusjdrvi et al., 2004), and also rat
GUO readily lost its activity at elevated temperatures; 90% of the activity was lost after 10
min incubation at 49°C (Eliceiri et al., 1969). The thermal stability of AtGALDH is more
comparable with that of GUDH from Gluconobacter oxydans (Sugisawa et al., 1995) and
M. tuberculosis (Wolucka and Communi, 2006). These enzymes lost about 50% of their
activity after 5 min incubation at 55 and 60°C, respectively. The absence of a covalent flavin
link could provide GALDH with a greater conformational flexibility which may be needed for
cross-talk with cytochrome c.

The mechanism of L-ascorbate production by AtGALDH involves two half-reactions. In
the reductive half-reaction, the oxidized flavin cofactor is converted to the hydroquinone state
by the L-galactono-1,4-lactone substrate. The two-electron reduced enzyme is then
re-oxidized in the oxidative half-reaction by cytochrome c. This half-reaction involves two
subsequent one-electron steps and the formation of a flavin semiquinone radical. Spectral
analysis revealed that AtGALDH is able to form the red anionic flavin semiquinone, which
was visualized by artificial photoreduction of the protein and is characterized by a strong
absorbance around 390 nm. AtGALDH also readily reacted with sulfite, resulting in the
formation of a flavin N5 sulfite adduct, with a K4 of 18 uM for the enzyme-sulfite complex.
The stabilization of the red anionic semiquinone and the formation of a flavin N5 sulfite
adduct are properties commonly associated with flavoprotein oxidases (Massey et al., 1969).
However, AtGALDH is not the only exception to this rule. Flavocytochrome b, also stabilizes
the red anionic semiquinone and a flavin N5 sulfite adduct, and is poorly active with oxygen
(Lederer, 1978; Ould Boubacar et al., 2007). In flavocytochrome b, an Arg residue is
involved in both catalysis and the stabilization of the N5 sulfite adduct (Mowat et al., 2000).
A similar situation is observed in adenosine-5’-phophosulfate reductase, another flavoprotein
for which a crystal structure of the enzyme-sulfite complex is known (Schiffer et al., 2006).
Both flavocytochrome b, and adenosine-5’-phophosulfate reductase do bind a negatively
charged substrate. Therefore, it will be of interest to see if a positively charged residue is
present in the active site of AtGALDH and related enzymes.

Many aldonolactone oxidoreductases contain a covalently bound FAD cofactor. Possible
advantages of such a mode of flavin binding are saturation of the active site with cofactor in
flavin deficient environments, anchoring of the isoalloxazine ring, and modulating the redox
properties (Mewies et al., 1998; Fraaije et al., 1999). AtGALDH lacks the histidine involved
in covalent attachment of the FAD cofactor, but contains a leucine (Leu56) at this position.
Replacement of Leu56 into His in AtGALDH showed that the presence of a histidine at this
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position does not initiate covalent binding of the cofactor. Covalent coupling of the FAD
cofactor presumably is an autocatalytic process, requiring a pre-organized binding site
(Fraaije et al., 2000). Covalent flavinylation commonly requires a base-assisted attack of the
FAD cofactor, resulting in a flavoquinone methide intermediate and subsequent formation of
the covalent link (Mewies et al., 1998). Mutagenesis studies in VAO revealed that the
histidine residue involved in covalent cofactor binding (His422) is activated by a neighboring
base (His61) for attack of the C8a position of the isoalloxazine ring thus forming the covalent
bond (Fraaije et al., 2000). Covalent flavinylation in AtGALDH-L56H might thus require
nucleophilic activation of His56. The prediction of such an activating base in the sequence of
AtGALDH is hampered by the lack of structural information for GALDH and related
aldonolactone oxidoreductases.

Leu56 replacements of AtGALDH established that Leu56 plays an important role in
binding of the non-covalently bound FAD cofactor and in catalysis. Variants with a bulky
hydrophobic residue at position 56 bind the cofactor more tightly than variants containing
small and/or polar residues. The catalytic and FAD-binding properties of the Leu56 variants
are not easily explained but possibly reflect subtle changes in the protein-FAD interaction
rather than a direct interaction of residue 56 with the substrate.

In conclusion, we have described for the first time the biochemical properties of
recombinant AtGALDH and some active site variants. The results obtained provide a good
framework for further structure-function relationship studies aimed at identifying important

residues involved in catalysis and flavin binding.
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Abstract

The flavoprotein L-galactono-y-lactone dehydrogenase (GALDH) catalyzes the terminal step
of vitamin C biosynthesis in plants, the oxidation of L-galactono-1,4-lactone into L-ascorbate
with the concomitant reduction of cytochrome c¢. No three-dimensional structure is available
for GALDH or related aldonolactone oxidoreductases. Here we identified two essential active
site residues, Glu386 and Arg388, in GALDH from Arabidopsis thaliana. Glu386 and
Arg388 variants, including E386D, E386A, R388K, and R388A, have very high K, values for
L-galactono-1,4-lactone and low turnover rates. The E386D mutant shows, in contrast to wild-
type GALDH, a preference for L-gulono-1,4-lactone. The Arg388 mutants highlight the
importance of a positive charge near the isoalloxazine moiety of the flavin. Removal of this
charge in the R388A variant yields a nearly inactive protein that is unable to stabilize negative

charges in the active site.

Keywords: L-galactono-1,4-lactone dehydrogenase (EC 1.3.2.3); vitamin C; flavoprotein, VAO family; site-
directed mutagenesis

Abbreviations: AldO, alditol oxidase; CO, cholesterol oxidase; GALDH, L-galactono-y-lactone dehydrogenase;
VAO, vanillyl-alcohol oxidase
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Introduction

L-Ascorbate (vitamin C) is an important antioxidant, redox buffer and enzyme cofactor for
many organisms. Plants and most animals can synthesize ascorbate to meet their daily
requirements, while humans and other primates have lost this ability during evolution.
Ascorbate is particularly abundant in plants, the main dietary source of vitamin C for humans.
The terminal step of ascorbate biosynthesis in plants is catalyzed by the flavoenzyme
L-galactono-y-lactone dehydrogenase (GALDH; L-galactono-1,4-lactone: ferricytochrome c-
oxidoreductase; EC 1.3.2.3). GALDH is localized in the mitochondrial intermembrane space
where it catalyzes the oxidation of L-galactono-1,4-lactone into L-ascorbate with the
concomitant reduction of cytochrome ¢ (Bartoli et al., 2000; Heazlewood et al., 2003).
Besides producing ascorbate, GALDH is also required for the proper functioning of plant
mitochondria and for the correct assembly of plant respiratory complex I (Alhagdow et al.,
2007; Pineau et al., 2008).

GALDH and related aldonolactone oxidoreductases involved in vitamin C biosynthesis
belong to the vanillyl-alcohol oxidase (VAO) flavoprotein family. Members of this family
share a two-domain folding topology, comprising a conserved N-terminal FAD-binding
domain and a less conserved C-terminal cap domain that determines the substrate specificity.
The active site is located at the interface of the domains (Fraaije et al., 1998; Leferink et al.,
2008%).

Aldonolactone oxidoreductases have been isolated from various sources, including several
plants, animals and fungi, but are relatively poorly characterized (Mapson and Breslow, 1958;
Nishikimi et al., 1976; Kiuchi et al., 1982; Huh et al., 1994; Oba et al., 1995; Ostergaard et
al., 1997; Huh et al., 1998; Imai et al., 1998; Yabuta et al., 2000). No three-dimensional
structure is known for these enzymes, hence little information is available about the nature of
the active site and the reaction mechanism. Previously we showed that recombinant GALDH
from Arabidopsis thaliana contains a non-covalently bound FAD as prosthetic group and has
a strong preference for L-galactono-1,4-lactone as substrate (Leferink et al., 2008P).
Furthermore, GALDH reacts poorly with molecular oxygen, which distinguishes the enzyme
from its animal and yeast homologues, that act as true oxidases (Leferink et al., 2009).

Inspection of the crystal structures of alditol oxidase (AldO) (Forneris et al., 2008) and
cholesterol oxidase (CO) (Coulombe et al., 2001) revealed that both these VAO-family
members contain a Lys residue and a Glu-Arg pair in the active site that are conserved among
aldonolactone oxidoreductases. The Lys and Arg residues are located at similar positions in
the AldO and CO structures (Fig. 4.1A and B), and are likely involved in substrate activation
(Forneris et al., 2008). Glu475 has been proposed to function as a base for proton abstraction

in CO (Coulombe et al., 2001), whereas in AldO, Glu320 is involved in extensive hydrogen
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bonding with the polyol substrate (Forneris et al., 2008). Removal of the positive charge of
Arg477 in CO resulted in a dramatic loss of activity (Piubelli et al., 2008). Furthermore, the
Glu-Arg pair of CO is located at the bottom of a tunnel that extends from the surface to the
active site, and is implicated to function as a gate to control oxygen access (Coulombe et al.,
2001; Piubelli et al., 2008). The active site Lys is part of a recently identified C-terminal
sequence motif (HWXK) specific for aldonolactone oxidoreductases and some closely related
VAO-members including AldO (Fig. 4.1C). Replacement of this Lys by Gly in Trypanosoma
cruzi galactonolactone oxidoreductase (TcGAL) resulted in an inactive holoprotein, indicative
for the important role of this residue in TcGAL catalysis (Logan et al., 2007). In line with this
observation, the homologous Lys375 in AldO hydrogen bonds with the C1 hydroxyl group of

the substrate, the site of oxidation (Forneris et al., 2008).
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Figure 4.1. Comparison of putative active site residues of GALDH with related VAO-family members. A) Crystal
structure of the active site of AldO with bound xylitol (pdb, 2VFS). B) Crystal structure of the active site of CO
(pdb, 1119). Residues conserved in GALDH are indicated in red and blue. C) Clustal W multiple sequence
alignment of part of the active site region of several aldonolactone oxidoreductases with related VAO-family
members. Identical residues are shaded in black, similar residues are shaded in grey. The conserved Arg-Glu pair
is indicated in red and marked with asterisks (*) and the C-terminal HWXK sequence motif is underlined. The
number of residues present at the termini and in gaps in the sequence are indicated in parentheses. Amino acid
sequences used are: GALDH, Q8GY16; GUO, P10867; ALO, P54783; TcGAL, Q4DPZ5; AldO, Q9ZBU1; CO,
Q7SID9.
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Here we studied the role of the Glu-Arg pair (Glu386 and Arg388) in the active site of
GALDH from A. thaliana by site-directed mutagenesis. Biochemical analysis of the generated
mutants revealed that both residues are essential for efficient catalysis. Removal of the
positive charge of Arg388 results in a nearly inactive GALDH variant that is unable to
stabilize negative charges in the active site. Moreover, a GALDH variant with a preference

for L-gulono-1,4-lactone was created by the Glu386Asp mutation.
Materials and Methods

Materials - L-Galactono-1,4-lactone was synthesized from D-galacturonic acid by
borohydride reduction according to the method described by Mapson and Breslow (Mapson
and Breslow, 1958). The crude product was purified on a silica column (particle size 40-63
um) running in ethyl acetate/methanol (6:4). The purified product was re-crystallized from

ethanol. All other chemicals were from commercial sources and of the purest grade available.

Cloning and site-directed mutagenesis - The cDNA encoding mature GALDH from
A. thaliana has been cloned before into the pET23a(+) vector (Novagen, San Diego, CA,
USA) to yield pET-GALDH-Hisg (Leferink et al., 2008"). The various GALDH active site
mutants were constructed using pET-GALDH-Hiss as template using the QuikChange II
protocol (Stratagene, La Jolla, CA, USA). The oligonucleotides used are listed in Table 4.1.
Successful mutagenesis was confirmed by automated sequencing. The resulting constructs

were electroporated to E. coli BL21(DE3) cells (Novagen) for recombinant expression.

Table 4.1. Oligonucleotides used for the construction of the various GALDH variants. Only sense primers are
shown, changed codons are underlined

Variant Oligonucleotide sequence (5’ to 3’)

E386A GCACCTGCTCCAATAGCGCAGCGATGGACAGC
E386Q GCACCTGCTCCAATACAGCAGCGATGGACAGC
E386D GCACCTGCTCCAATAGATCAGCGATGGACAGC
R388A GCTCCAATAGAGCAGGCATGGACAGCTCG
R388H GCTCCAATAGAGCAGCATTGGACAGCTCG
R388K GCTCCAATAGAGCAGAAATGGACAGCTCG

Enzyme production and purification - E. coli BL21(DE3) cells, harboring a pET-GALDH
plasmid, were grown in Luria-Bertani medium supplemented with 100 pg/ml ampicillin until
an ODgoo of 0.7 was reached. GALDH expression was induced by addition of 0.4 mM
isopropyl-thio-p-D-galactopyranoside and the incubation was continued for 16 h at 37°C. The
Hisg¢-tagged GALDH variants were purified essentially as described before (Leferink et al.,
2008").
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Spectral analysis - Absorption spectra were recorded at 25°C on a Hewlett Packard
(Loveland, CO, USA) 8453 diode array spectrophotometer in 50 mM sodium phosphate, pH
7.4. Spectra were collected and analyzed using the UV-Visible ChemStation software
package (Hewlett Packard). The molar absorption coefficients for the mutant proteins were
determined by recording absorption spectra in the presence and absence of 0.1% (w/v) SDS,
assuming a molar absorption coefficient for free FAD of 11.3 mM™ cm™ at 450 nm. Enzyme
concentrations were routinely determined by measuring the absorbance at 450 nm using a
molar absorption coefficient of 12.9 mM™" ecm™ for wild-type GALDH (Leferink et al.,
2008"). Photoreduction of GALDH variants (10-20 uM) in the presence of EDTA and
5-deazaflavin was performed in 50 mM sodium phosphate, pH 7.4 as described (Macheroux,
1999). Catalytic amounts of glucose oxidase and 10 mM B-D-glucose were added to scavenge
final traces of oxygen and catalase was added to remove hydrogen peroxide formed during the
reaction. Solutions were made anaerobic by alternate evacuation and flushing with oxygen-
free argon. Illumination was performed in a 25°C water bath with a 375 W light source
(Philips, Eindhoven, The Netherlands) at 15 cm distance. Spectra were taken at regular
intervals during illumination until complete reduction was achieved. Titration of GALDH
variants (10 uM) with sodium sulfite was carried out in 50 mM sodium phosphate, pH 7.4. A
1 M sodium sulfite stock solution in 50 mM sodium phosphate, pH 7.4 was freshly prepared
before use, suitable dilutions were made in the same buffer before addition to the enzyme
solution. Spectra were taken until no further change was observed before the next addition
was done. The dissociation constant (Ky4) for the enzyme-sulfite complex was calculated from
the change in absorbance at 450 nm (Leferink et al., 2008").

Activity measurements - GALDH activity was routinely assayed by following the reduction of
cytochrome ¢ at 550 nm (Leferink et al., 2008%). Because dithiothreitol interferes with the
reaction, it was removed from the enzyme solution by Bio-Gel P-6DG (Bio-Rad, Hercules,
CA, USA) gel filtration immediately prior to use. Initial velocities were calculated using a
molar difference absorption coefficient (Agsso) of 21 mM™" cm™! for reduced minus oxidized
cytochrome c. One unit of enzyme activity is defined as the amount of enzyme that oxidizes 1
umol of L-galactono-1,4-lactone per min, which is equivalent to the reduction of 2 pmol of
cytochrome ¢ (Oba et al., 1995).

Results
Spectral properties of GALDH mutants - To evaluate the role of Glu386 and Arg388 in

GALDH catalysis, mutant proteins were created in which Glu386 was replaced by Asp, Gln
or Ala and Arg388 was replaced by Lys, His or Ala. All six GALDH variants were expressed
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as soluble holoproteins in E. coli, and could be purified in similar yields as wild-type
GALDH. The specific activities of the purified mutant proteins were all less than 1% of the
wild-type enzyme, which has a specific activity of 76 U mg™ (Leferink et al., 2008").

Four mutants E386D, E386A, R388K, and R388A were selected for further biochemical
characterization. The UV/VIS absorption spectral properties of the Glu386 mutants were very
similar to that of wild-type GALDH (Fig. 4.2A). The molar absorption coefficients of protein-
bound flavin were determined to be 13.6 mM™" cm™ at 451 nm for E386D and 13.1 mM™ cm™
at 452 nm for E386A. Small perturbations were observed in the absorption spectra of both
Arg388 mutants (Fig. 4.2B). Compared to wild-type GALDH, the absorption maximum at
375 nm is about 7 nm blue-shifted in both mutants, and the spectrum of R388A shows a more
pronounced shoulder at 466 nm, similar to the CO variant R477A (Piubelli et al., 2008). The
molar absorption coefficients were determined to be 13.6 mM™ cm™ at 450 nm for R388K
and 13.5 mM™"' cm™ at 450 nm for R388A.

Anaerobic photoreduction - Previously, we established that wild-type GALDH stabilizes the
red anionic flavin semiquinone during anaerobic photoreduction (Leferink et al., 2008"). This
property is indicative for the presence of a positive charge near the flavin. The ability of the
GALDH active site mutants to stabilize the red anionic flavin semiquinone was determined by
anaerobic photoreduction. Both Glu386 mutants stabilize maximal amounts of the red anionic
semiquinone, similar to wild-type GALDH. Figure 4.2C shows the spectral changes of E386D
during photoreduction. The R388K mutant partially stabilizes the red semiquinone (Fig.
4.2D), while the R388A undergoes complete reduction without the stabilization of a

semiquinone species (not shown). In all cases full re-oxidation was observed upon aeration.

Sulfite adduct formation - The ability to form a flavin N5 sulfite adduct is characteristic for
many flavoprotein oxidases, and correlates with the ability of the protein to stabilize the red
anionic semiquinone. Although wild-type GALDH reacts poorly with molecular oxygen, it
readily forms a covalent flavin N5-sulfite adduct with a K4 of 18 uM (Leferink et al., 2008).
The ability of the GALDH active site variants to form a sulfite adduct was investigated.
Mutation of the Glu386 residue did not have a significant effect on the formation of the sulfite
adduct. Both E386D (Fig. 4.2E) and E386A (not shown) stabilize the sulfite adduct with a
similar K4 for the enzyme-sulfite complex as wild-type GALDH (14 and 5 uM, respectively).
Mutation of Arg388, however, did have a clear effect on the formation of the sulfite adduct.
Replacing Arg388 by Lys gave a K4 of 0.44 mM for the enzyme-sulfite complex, a 25-fold
increase (Fig. 4.2F). Removal of the positive charge of Arg388 (R388A) has an even more
drastic effect on the stabilization of the flavin-sulfite adduct, resulting in a K4 of > 20 mM, a

more than 1000-fold increase compared to the wild-type enzyme (not shown).
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Figure 4.2. Specitral properties of GALDH variants. Top: Optical spectra of oxidized Glu386 (A) and Arg388 (B)
variants compared to wild-type GALDH. Middle: Anaerobic photoreduction of GALDH E386D (C) and R388K (D).
The solid lines represent the spectra taken before illumination (ox), the dashed lines the maximum amount of
semiquinone (sq) observed, and the dotted lines represent fully reduced enzyme (red). Bottom: Titration of
GALDH E386D (E) and R388K (F) with sodium sulfite. Spectra were recorded when no further changes were
observed after each addition of sulfite. For clarity, only selected spectra are shown. The insets show the
absorbance differences at 450 nm during the titration. All spectra were recorded in 50 mM sodium phosphate, pH
7.4.
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Catalytic properties - The steady-state catalytic properties of the various GALDH active site
variants were determined for L-galactono-1,4-lactone, L-gulono-1,4-lactone and D-arabinono-
1,4-lactone, using cytochrome c as electron acceptor. All GALDH variants were considerably
less active than the wild-type enzyme (Table 4.2). The Glu386 variants show about a 100-fold
increase in the Michaelis constant for the L-galactono-1,4-lactone substrate accompanied by a
significant reduction in catalytic turnover. Interestingly, the E386D variant shows a
preference for L-gulono-1,4-lactone over L-galactono-1,4-lactone, exhibiting a higher
turnover number with L-gulono-1,4-lactone than the wild-type enzyme. Wild-type GALDH
shows considerable activity with D-arabinono-1,4-lactone (ke = 51 s'l) but has a rather low
affinity for this substrate (K, = 10.2 mM), suggesting that the length and stereochemistry of
the side-chain is important for proper binding and aligning of the substrate lactone. For the
active site mutants activity with D-arabinono-1,4-lactone could only be detected with E386D,
but again the mutant is far less efficient than the wild-type enzyme. The Arg388 variants
show a severe reduction in affinity for L-galactono-1,4-lactone, reflected by a nearly 1000-
fold increase in the K, value. The R388K variant shows considerable turnover, but removal of
the positive charge in the R388A variant almost completely abolishes enzyme activity.
Oxidation of L-gulono-1,4-lactone and D-arabinono-1,4-lactone by the Arg388 variants could

not be detected, even at substrate concentrations up to 100 mM.
Discussion

The flavoprotein GALDH completes the biosynthesis of vitamin C in plants. As a member of
the VAO flavoprotein family, the enzyme has a two-domain folding topology with a
conserved N-terminal FAD-binding domain and a C-terminal cap-domain. The active site is
located at the interface of the two-domains. Due to the lack of a crystal structure for GALDH
and related aldonolactone oxidoreductases, little is known about the nature of their active
sites. The large variation in substrates between VAO family members (Leferink et al., 2008%)
causes little conservation in the cap-domain, hampering the modeling of the substrate binding
pocket of GALDH. Here we identified two GALDH active site residues in the cap-domain,
Glu386 and Arg388, that are involved in substrate binding and catalysis. This Glu-Arg pair is
conserved in other aldonolactone oxidoreductases as well as in AIdO and CO, two related
VAO-members with a known crystal structure. Both residues are located at similar positions
in AldO and CO (Fig. 4.1), and interact with the substrate and the flavin through the
formation of hydrogen bonds (Coulombe et al., 2001; Forneris et al., 2008).

Single Glu386 replacements drastically decrease the affinity of GALDH for L-galactono-
1,4-lactone. Removal of Glu386 does not influence the electrostatics around the flavin, but

does have a large effect on k... Glu386 could therefore act as catalytic base, similar to Glu475
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in CO (Coulombe et al., 2001). Glu320 in AIdO does also not directly interact with the FAD-
cofactor, but forms hydrogen bonds with two hydroxyl groups of the substrate (Forneris et al.,
2008). Replacing Glu386 with Asp in GALDH results in a gulonolactone dehydrogenase
variant that is more active with L-gulono-1,4-lactone than the wild-type enzyme. Presumably
the shorter side chain of residue 386 provides a better geometry for the interaction with the
L-gulono-1,4-lactone substrate, which has a different stereochemical configuration of the
hydroxyl substituent at C3 than L-galactono-1,4-lactone. A difference in catalytic efficiency
as a result of a stereochemically unfavorably substrate conformation has also been reported
for the AldO substrates sorbitol and mannitol (Forneris et al., 2008).

Wild-type GALDH exhibits a high K, (10.2 mM) for the D-arabinono-1,4-lactone
substrate, which has the same stereochemical configuration at C2 and C3 as L-galactono-1,4-
lactone but a shorter side chain. This suggests that all hydroxyl groups are involved in
substrate binding, participating in a well defined hydrogen-bonding network as was proposed
for AIdO (Forneris et al., 2008). Previously we identified a Cys residue (Cys340) that is also
involved in substrate binding. This Cys is strictly conserved in aldonolactone oxidoreductases
and not in other related VAO-members (Leferink et al., 2008). Together with the present
findings this might explain the narrow substrate specificity of GALDH.

Single replacements of Arg388 also have a dramatic effect on GALDH catalysis. Whereas
R388K shows a reasonable turnover rate, removal of the charge results in a protein that is
hardly active (ke < 1 s™). Arg388 critically interacts with the substrate, replacement by either
Lys or Ala gives a thousand-fold increase in the Michaelis constant for L-galactono-1,4-
lactone. The corresponding Arg322 in AldO is involved in hydrogen bonding with substrate
C1, the site of oxidation, and flavin C4=0, suggesting a similar critical role (Forneris et al.,
2008).

GALDH can stabilize negative charges in the active site (Leferink et al., 2008").
Replacement of Arg388 by Ala results in a variant that is unable to stabilize the anionic
flavosemiquinone and the flavin-sulfite adduct. The fact that the positive charge of Arg388 is
important for the stabilization of the anionic flavosemiquinone suggests that it is located near
the N1-C2 locus of the isoalloxazine ring of the flavin. A positive charge in this region will
also stabilize the anionic form of the two-electron reduced flavin, which generally has a low
pK. (Miiller, 1991), and increase the flavin redox potential (Ghisla and Massey, 1989).
Interestingly, the non-covalently bound FAD of GALDH has a relatively high redox potential
(-44 mV) (Leferink et al., 2009).

The dissociation constants for the enzyme-sulfite adducts of the Arg388 variants are
directly related to the presence of a positive charge in close proximity of the flavin. The
ability of a flavoprotein to form a flavin-sulfite adduct is not related to its oxidase activity, as

previously proposed (Massey et al., 1969), but to the nature of the active site, i.e. the presence
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of positive charges. The crystal structure of AIdO in complex with sodium sulfite was
determined (Forneris et al., 2008). The sulfite-adduct is stabilized by Arg322 and Lys375 in
AldO, corresponding to Arg388 and Lys455 in GALDH. The adduct is formed on the si-face
of the flavin, the same side as the substrate binding pocket, while the reaction with molecular
oxygen presumably takes place on the re-face of the flavin in VAO-members (Leferink et al.,
2009).

In conclusion, we have shown that Glu386 and Arg388 of GALDH are required for
optimal catalysis. Glu386 might be involved in substrate activation and Arg388 seems crucial

for the stabilization of negative charge that is generated as a result of flavin reduction.
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Abstract

L-Galactono-y-lactone dehydrogenase (GALDH) catalyzes the terminal step of vitamin C
biosynthesis in plant mitochondria, the oxidation of L-galactono-1,4-lactone into L-ascorbate
with the concomitant reduction of cytochrome ¢ (Cyt c). Electron transfer between GALDH
and Cyt ¢ presumably involves the formation of a complex between the two redox partners. A
surface engineering strategy was followed to identify the role of charged residues on the
surface of Arabidopsis thaliana GALDH. In total three patches of Lys and Glu residues in
close proximity were identified and mutated to Ala. Using heteronuclear nuclear magnetic
resonance (NMR) spectroscopy transient complex formation was demonstrated between A.
thaliana GALDH and a 9-fold surface mutant with isotopically enriched ferric yeast iso-1-Cyt
c. Chemical shift perturbations for 'H and '°N nuclei of ferric yeast iso-1-Cyt ¢, arising from
the interactions with unlabelled GALDH, were used to map the interacting surface of yeast
1s0-1-Cyt c. Based on the chemical shift perturbations, the residues on yeast iso-1-Cyt ¢
involved in the interaction with GALDH have been highlighted and the dissociation constant
of the complex has been calculated. The interaction with Cyt ¢ remains intact after removing
9 charged residues at the GALDH protein surface. It is concluded that the complex is transient

and of a dynamic nature.

Keywords: L-galactono-y-lactone dehydrogenase; cytochrome c; NMR; electron transfer; surface engineering;
vitamin C

Abbreviations: Cyt, cytochrome; DTT, dithiothreitol; GALDH, L-galactono-y-lactone dehydrogenase; HSQC,
heteronuclear single-quantum coherence; NMR, nuclear magnetic resonance; VAO, vanillyl-alcohol oxidase
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Introduction

The mitochondrial flavoenzyme L-galactono-y-lactone dehydrogenase (GALDH; L-galactono-
1,4-lactone: ferricytochrome c-oxidoreductase, EC 1.3.2.3) completes vitamin C (L-ascorbate)
biosynthesis in plants. GALDH is a so-called aldonolactone oxidoreductase belonging to the
vanillyl-alcohol oxidase (VAO) flavoprotein family (Fraaije et al., 1998; Leferink et al.,
2008%). Members of this family share a conserved FAD-binding domain and a less conserved
cap-domain, the latter domain determines the substrate specificity. Most VAO-members are
hydrogen peroxide producing oxidases, plant GALDH, however, exclusively uses cytochrome
¢ (Cyt c) as electron acceptor (Leferink et al., 2008"). GALDH is localized in the
mitochondrial intermembrane space where it is involved, besides from producing L-ascorbate,
in shuttling electrons into the respiratory chain via Cyt ¢ and the assembly of respiratory
complex I (Bartoli et al., 2000; Alhagdow et al., 2007; Pineau et al., 2008). The highly soluble
Cyt ¢ is a strongly conserved heme-containing component of the electron transport chain,
where it transfers electrons between the membrane bound Cyt ¢ reductase and Cyt ¢ oxidase
complexes (Saraste, 1999).

Electron transfer between GALDH and Cyt ¢ presumably involves a physical interaction
between both redox partners. Due to the charged nature of Cyt ¢ (p/ ~9-11) electrostatic
interactions are thought to play an important role in complex formation. Cyt ¢ contains a
patch of positively charged residues surrounding the heme edge, the part of the surface where
the heme cofactor is most accessible (Ubbink and Bendall, 1997). No crystal structure is
available for GALDH or its homologues, so no information is available about possible
interaction sites on the protein surface. The GALDH sequence, however, contains an above
average number of charged residues, mostly Glu and Lys, which could be involved in surface
interactions. Large, surface exposed hydrophilic residues often occur in patches of 2-3
residues in close proximity (Baud and Karlin, 1999) and their replacement by Ala has been
shown to improve protein crystal quality (Derewenda, 2004).

Previously, we were unable to detect any interaction between Arabidopsis thaliana
GALDH and bovine heart Cyt ¢ by size-exclusion chromatography (Leferink et al., 2008°).
This raised the possibility of transient interactions (Crowley and Carrondo, 2004), which are
likely influenced by the surface properties of both proteins. To gain insight into this matter,
NMR chemical shift perturbation analyses were performed on wild-type GALDH and a
GALDH 9-fold surface mutant using '*N-labelled ferric yeast iso-1 Cyt ¢. The residues on
yeast iso-1 Cyt ¢ involved in the interaction with GALDH and the 9-fold surface mutant have

been highlighted and the dissociation constants of the complexes have been calculated.
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Materials and Methods

Chemicals - FAD, L-galactono-1,4-lactone, and bovine heart cytochrome ¢ were from Sigma-
Aldrich (St Louis, MO, USA). Pwo DNA polymerase and mini-Complete protease inhibitor
was from Roche Molecular Biochemicals (Mannheim, Germany). Restriction endonucleases,
T4-DNA ligase and dNTPs were purchased from Invitrogen (Carlsbad, CA, USA).
Oligonucleotides were synthesized by Eurogentec (Liege, Belgium). The pET23a(+)
expression vector and E. coli strain BL21(DE3) were from Novagen (San Diego, CA, USA).

All other chemicals were from commercial sources and of the purest grade available.

Cloning and site-directed mutagenesis - The cDNA encoding mature GALDH (accession nr.
At3g47930), has been cloned previously into the pET23a(+) vector to yield
pET-GALDH-Hise (Leferink et al., 2008"). The GALDH surface mutants were constructed
using the QuickChangell method (Stratagene, La Jolla, CA, USA) in the AtGALDH
background without Hisec-tag. The native GALDH gene was amplified from the pET-
GALDH-Hiss (Leferink et al., 2008") vector using the oligonucleotides AtGALDH_fw102
(5’-GGA ATT CCA TAT GTA CGC TCC TTT ACC TGA AG-3’) introducing a Ndel
restriction site (underlined), and AtGALDH rv (5’-CCG GAA TTC TTA AGC AGT GGT
GGAGAC-3’), introducing a TAA stop-codon and EcoRI restriction site (underlined). The
amplified fragment was cloned between the Ndel and EcoRI sites of the pET23a(+)
expression vector. The resulting pET-GALDH2 construct was verified by automated
sequencing of both strands. The GALDH surface variants were constructed using
pET-GALDH2 as template. The oligonucleotides used are listed in Table 5.1. The 9-fold
surface mutant was constructed by three rounds of mutagenesis. Successful mutagenesis was
confirmed by restriction enzyme digestions and automated sequencing. The resulting

constructs were electroporated to E. coli BL21(DE3) cells for recombinant expression.

Table 5.1. Oligonucleotides used for the construction of the GALDH surface variants. Only sense primers are
shown, changed nucleotides are in small case, introduced restriction sites are underlined.

Variant Oligonucleotide sequence (5’ to 3’) Site
E44A-K45A-K46A GTTAAGGAATCTCATgcGgccgcGTTAAGGATTCGTCC Notl
E83A-K84A-K85A CTAGAGGTGGATAAAGcGgeGgctcGaGTTACGGTGCAGG Xhol
K245A-K247A-K249A GGAGTGGGCCACCTgcaGACgcACCAgcGTACACTACAGATGAGG Pstl

Enzyme production and purification - Wild-type GALDH-Hisgs was expressed and purified
essentially as described (Leferink et al., 2008"). For production of the GALDH surface
mutants, E. coli BL21(DE3) cells, harbouring a pET-GALDH2 mutant plasmid were grown in
LB medium supplemented with 100 pg/ml ampicillin until the ODgo reached ~0.6.
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Expression was induced by addition of 0.2 mM isopropyl-thio-B-D-galactopyranoside and the
incubation was continued for 16 h at 37°C. The cells were harvested by centrifugation and
resuspended in 25 mM Tris-HCI, pH 7.4, supplemented with 1 tablet of mini-Complete
protease inhibitor (Roche Molecular Biochemicals), 10 mM MgCl, and DNase I (pH 7.4) and
subsequently passed twice through a pre-cooled French Pressure cell (SLM Aminco, SLM
Instruments, Urbana, IL, USA) at 10 000 psi. The resulting homogenate was centrifuged at
25 000 g for 30 min at 4°C to remove cell debris and the supernatant was subsequently loaded
onto a HiLoad 26/10 Q-Sepharose FF column (GE Healthcare, Uppsala, Sweden) equilibrated
with 25 mM Tris-HCI, pH 7.4. Proteins were eluted with a linear gradient of 0-0.2 M NaCl in
the same buffer. Active fractions were pooled and dialyzed o/n against 25 mM sodium
phosphate, pH 6.5. After removal of insoluble material, the supernatant was loaded onto a
Ceramic hydroxyapatite XK 26/11 (GE Healthcare) column equilibrated with the same buffer
and the proteins were eluted with a gradient of 25-500 mM sodium phosphate, pH 6.5. Active
fractions were pooled and concentrated. The concentrated fraction was treated with
dithiothreitol (DTT) and saturated with FAD. Excess FAD was removed by passing the
enzyme solution through Biogel P-6DG (Bio-Rad) equilibrated with 20 mM NaPi, 0.1 mM
DTT, pH 7.4. The final preparation was stored at -80°C.

Protein analysis - SDS-PAGE was performed using 12.5% acrylamide slab gels essentially as
described by Laemmli (Laemmli, 1970). Proteins were stained using Coomassie Brilliant
Blue R-250. Total protein concentrations were estimated using the Bradford protein assay
from Bio-Rad (Hercules, CA, USA) with BSA as standard. Desalting or buffer exchange of

small aliquots of enzyme was performed with Bio-Gel P-6DG columns (Bio-Rad).

Spectral analysis - Absorption spectra were recorded at 25°C on a Hewlett Packard
(Loveland, CO, USA) 8453 diode array spectrophotometer in 50 mM sodium phosphate, pH
7.4. Enzyme concentrations were routinely determined by measuring the absorbance at 450
nm using a molar absorption coefficient of 12.9 mM™ e¢m™ for wild-type GALDH (Leferink
et al., 2008"). The molar absorption coefficients of the surface mutants were determined by
recording absorption spectra in the presence and absence of 0.1% (w/v) SDS, assuming a

molar absorption coefficient for free FAD of 11.3 mM” cm™

at 450 nm. Spectra were
collected and analyzed using the UV-Visible ChemStation software package (Hewlett

Packard).

Activity measurements - GALDH activity was routinely assayed by following the reduction of

cytochrome ¢ at 550 nm (Leferink et al., 2008"). Initial rates were calculated using a molar

1

difference absorption coefficient (Agssg) of 21 mM"' ecm?! for reduced minus oxidized
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cytochrome c. One unit of enzyme activity is defined as the amount of enzyme that oxidizes 1
umol of L-galactono-1,4-lactone per min, which is equivalent to the reduction of 2 pmol of
cytochrome ¢ (Oba et al., 1995).

Preparation of NMR samples - The isotopically-enriched "N Cyt ¢ was produced in E. coli
and purified as reported previously (Pollock et al., 1998; Morar et al., 1999). The protein
concentration of ’N Cyt ¢ was determined from the absorbance peak at 410 nm (g = 106.1
mM'em™) (Margoliash and Frohwirt, 1959). The NMR samples contained 70 nmoles of the
unlabelled GALDH and varying amounts of the "N labelled Cyt ¢ in 20 mM sodium
phosphate pH 7.4, 6% D,O for lock, and 0.1 mM CH3;CO'°NH, as internal reference. The pH
of the samples was checked before and after each titration step and adjusted, if necessary,
with small aliquots of 0.1 M NaOH or 0.1 M HCI solutions. For the NMR titrations,
microlitre aliquots of the stock solution of the '°N labelled protein (1.57 mM of "°N labelled
ferric Cyt ¢) were added to the sample containing 0.5 ml of the unlabelled partner protein with
an initial concentration of 0.14 mM. The titration consisted of 13 experimental points with 0,
20, 35, 50, 75, 100, 125, 150, 175, 200, 225, 250, and 300 nmoles of the 15N labeled Cytec.

NMR experiments - The NMR experiments were performed at 303 K on a Bruker DMX600
spectrometer equipped with TCI-Z-GRAD cryoprobe (Bruker, Karlsruhe, Germany). For each
titration, 1D and 2D ["°N, "H] HSQC spectra were acquired. The spectral widths (in Hz) for
2D [N, 'H] HSQC spectra were 1520.45 and 8090.61. All 2D spectra were acquired with
2048 and 160 complex points in the 'H and "°N dimensions, respectively. Data processing of
the 1D 'H and 2D [N, 'H] HSQC spectra were performed in XWINNMR (Bruker) and
AZARA 2.7 (http://www.bio.cam.ac.uk/azara/), respectively. The amides not observed in the
present work were A3, E21, H26, V28, N31, H33, G34, H39, G45, S47, N56, G77, M8O0,
(83, G84, K86, K87 and E88 for ferric Cyt c. Chemical shift perturbations of >N and 'H

nuclei were analysed by overlaying the spectrum of bound '°N labelled protein with that of

the free protein in Ansig-for-Windows (Helgstrand et al., 2000). Chemical shift titration

curves were analysed with a two-parameter non-linear least square fit using a one site binding

model:
% :yAVO A—,/AZ—i (eq. 5.1)
2 R
PR+C
A=14 Vg T (eq. 5.2)
RP,C,K
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where Py is the starting concentration P in the tube, Cyis the stock concentration of C, R is the
ratio of the total concentrations of C and P at step i in the titration, Av' is the chemical shift
change at step i, AV’ is the maximal change in the chemical shift and K is the association
constant. In the fits Av' and R were the dependent and independent variables, respectively, and

AV and K4 the fitted parameters.
Results

Properties GALDH surface mutants - Wild-type GALDH readily forms crystals that diffract
to about 3.5 A resolution (NGH Leferink, E Carpanelli, A Mattevi & WJH van Berkel,
unpublished results). A general strategy to improve crystal quality involves the removal of
large surface exposed hydrophilic residues (Derewenda, 2004). The GALDH sequence
contains an above average number of Lys and Glu residues (9.1% and 7.2% respectively, vs.
5.8% and 6.1% respectively, on average, (Derewenda and Vekilov, 2006)), covering the
whole sequence. Surface exposed patches of Lys and Glu residues were assigned based on
their predicted position in a 3D homology model of GALDH (Fig. 5.1). Three patches of Glu
and/or Lys residues were mutated into Ala resulting in three triple mutants (E44A-K45A-
K46A, FAD domain; E83A-K84A-K85A, FAD domain; K245A-K247A-K249A, cap
domain) and one 9-fold surface mutant in which all mutations were combined.

All four GALDH surface variants were expressed as holoproteins and could be purified in
similar quantities. During anion-exchange chromatography, a clear difference in elution
behaviour was observed, confirming the surface exposed nature of the mutated residues. The
triple mutants E44A-K45A-K46A (predicted p/ = 6.6) and E§3A-K84A-K85A (predicted p/ =
6.6) eluted earlier than the wild-type enzyme (predicted p/ = 6.7), while K245A-K247A-
K249A (predicted p/ = 6.4) and the 9-fold surface mutant (predicted p/ = 6.1) were more
retarded applying the same chromatographic conditions.

The purified surface mutants exhibited nearly identical optical properties for protein-bound
FAD as wild-type GALDH. The molar absorption coefficients at 450 nm were respectively
135 + 003 mM' cm’ for E44A-K45A-K46A, 128 + 0.05 mM' cm’ for
E83A-K84A-K85A, 13.5+0.03 mM™" cm™ for K245A-K247A-K249A and 13.2 £ 0.05 mM"
cm’ for the 9-fold surface mutant. These values are in the same range as the value of 12.9 +
0.02 mM™" cm™ reported for wild-type GALDH (Leferink et al., 2008°). The specific activity
of the enzyme was fully retained after the surface mutations and the steady-state kinetic
properties of the 9-fold surface mutant were nearly identical to wild-type GALDH (Table
5.2). These results show that the removal of hydrophilic residues at the protein surface does

not influence the proper folding of GALDH. However, the GALDH surface mutants are prone
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to precipitation upon thawing from storage conditions, particularly the 9-fold surface mutant,

but they could be re-dissolved upon incubation at 37°C without loss of activity.

A
E44-K45-K46
E83-K84-K85
K245-K247-K249
B E44-K45-K46
E83-K84-K85

Figure 5.1. Prediction of the GALDH surface. A) Ribbon diagram of a 3D model of GALDH with the predicted
patches of surface exposed residues. The predicted FAD-binding domain is in blue and the cap-domain in red.
The mutated patches of surface residues are represented as spheres, the FAD-cofactor is represented in yellow
sticks. B) Electrostatic surface model of GALDH. Electrostatic potentials were calculated in PyMol
(www.pymol.org) using the vacuum electrostatics method. A positive surface potential is represented in blue, a
negative surface potential is in red. The GALDH homology model was prepared with cholesterol oxidase (pdb
1119; (Coulombe et al., 2001)) and alditol oxidase (pdb 2VFS; (Forneris et al., 2008)) as template structures using
the programme Modeller (Sali and Blundell, 1993; Eswar et al., 2003).
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Interaction of GALDH with cytochrome ¢

The surface mutations did not significantly improve the crystal quality of GALDH.
Because of its severely different iso-electric point, the 9-fold surface mutant was selected for
the interaction studies with "N labeled Cyt c.

Table 5.2. Kinetic parameters of GALDH variants for L-galactono-1,4-lactone using bovine heart Cyt ¢ (50 uM) as
electron acceptor. Data are presented as the mean + SD of at least two experiments.

GALDH variant Km Keat Keat | Km
(mM) (s™) (mM's™)
Wild-type® 0.17 £0.05 134+5 770
9-fold mutant 0.18 + 0.01 132 £ 11 690

@ Data obtained from (Leferink et al., 2008").

NMR chemical shift perturbation analyses - The interaction of GALDH and the 9-fold surface
mutant with ferric yeast iso-1 Cyt ¢ was studied in reverse titration experiments, varying the
concentration of "°N labeled Cyt ¢. Complex formation was evidenced by an increase in line-
width for all peaks in the NMR spectrum, as well as chemical shift perturbations of certain
resonances. Chemical shift perturbations for the amide resonances were monitored in a series
of 2D [N, 'H] HSQC spectra. The chemical shift perturbations in ['"N] dimension (A8Y)
were more significant than those in ['H] dimension (A8"). The A8" values for Cyt ¢ (75
nmoles) in the presence of 70 nmoles of wild-type GALDH and the GALDH 9-fold surface
mutant are presented in Figure 5.2. Thr12 showed the largest chemical shift perturbation. The
chemical shift perturbations for this residue were plotted against the Cyt ¢/GALDH ratio and
the titration curves were fitted to a 1:1 binding model (Fig. 5.3). From these titration curves,
the values of K43 and Adm.x were calculated, yielding 50 = 10 uM and 0.75 + 0.04 ppm,
respectively, for wild-type GALDH and 44 + 10 puM and 0.93 + 0.05 ppm for the 9-fold
surface mutant. In case of the 9-fold surface mutant some extra peaks were observed in the

spectra due to protein precipitation.

0.9
0.6
£
Qo
£ 0.3
e
< 00
40 60
-0.3- Residue number

Figure 5.2. Amide chemical shift perturbations (A6N) for the Cyt ¢ - GALDH complexes. Chemical shift
perturbations caused by wild-type GALDH are in green, and chemical shift perturbations caused by the GALDH 9-
fold surface mutant are in red.
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0.8

0.6

A3™N (ppm for T12)

0.0

0 1 2 3 4 5
Ratio Cyt c/GALDH

Figure 5.3. Titration profile of ferric Cyt ¢ Thr12 resonances. The binding curve of wild-type GALDH and cyt c is
represented by the closed circles (o), and the binding curve of the GALDH 9-fold surface mutant and cyt c is
represented by the closed squares (m). Each curve represents the best fit to a 1:1 binding model.

For all titrations the magnitude of the line broadening in the bound form was the same for
both shifted and unaffected peaks, and a single set of amide peaks in the 2D ['°N, "H] HSQC
spectrum was observed. This indicates that the GALDH — Cyt ¢ complex is in fast exchange
on the NMR time scale (ko> 125 s'l).

Discussion

GALDH is one of the few members of the VAO-family that uses Cyt ¢ as electron acceptor
rather than molecular oxygen (Leferink et al., 2008"). Related aldonolactone oxidoreductases
are hydrogen peroxide producing oxidases that are unable to transfer electrons to Cyt c. Most
aldonolactone oxidoreductases contain a covalently linked FAD (Kenney et al., 1976; Harada
et al.,, 1979; Kenney et al., 1979). The absence of a covalent flavin link could provide
GALDH with a greater conformational flexibility which may be needed for cross-talk with
Cyt ¢ (Leferink et al., 2008b). Here we studied the interaction of GALDH from A. thaliana
with Cyt ¢ in more detail and found that the interaction with Cyt ¢ remains intact after
removing 9 charged residues at the GALDH protein surface. No crystal structure is available
for the aldonolactone oxidoreductases, hence little information is available about the
structural properties of GALDH. Surface engineering is a tool that is used to improve protein
crystal quality (Derewenda, 2004). Using this strategy three patches of Lys/Glu residues were
identified on the surface of GALDH and replaced by Ala. Steady-state kinetic analysis of the
9-fold surface mutants for the galactonolactone substrate gave K, and k. values that are
highly similar compared to wild-type GALDH, indicating that the mutations did not affect the

active site architecture and folding of the protein. The surface exposed nature of the mutations
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was confirmed by anion-exchange chromatography. The crystallization properties of GALDH
were not significantly improved by the introduced surface mutations, presumably due to their
tendency to form aggregates. Already small disturbances in the homogeneity of the protein
preparation may have negative effects on crystal growth and diffraction quality (Niesen et al.,
2008).

A

Figure 5.4. Map of chemical shift perturbations of Cyt ¢ upon binding with GALDH. Surface representations of Cyt
¢ (PDB entry 1YCC); the residues are coloured according to ASN experienced upon binding of ferric Cyt ¢ (ABN >
0.5 ppmin red, ASN > 0.25 ppm in orange, ASN > 0.10 ppm in yellow, ASN > 0.05 ppm in cyan and ASN < 0.05 ppm
in blue). Unassigned and proline residues are shown in grey, and the heme is colored green. A) and (B) represent
the front side and back side of Cyt ¢ in complex with wild-type GALDH, (C) and (D) represent the front side and
back side of Cyt ¢ in complex with 9-fold surface mutant of GALDH.
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AtCyt c-1 MASFDIBAP NG FRTIACIAQCHTVELG: HOAGPNLﬁ SoRETT SAf? KNKAEE*E 70

AtCyt c-2 MASFDIHAPP/ENP FET ‘cHQCHTVE \GINEHK[$,GPNL JOeTTP, SAY KSMA¥N Ely 70

ScCyt c-1 ----TIFKAESANKEATLIIKINROL olod: 4y 3K EGPIINVIE)Z | AHE TIYSHIEOAR TDLWIKKNLIDIY 61
ke Khkk o ke . oo .

AtCyt c-1 KALYDMFLNZ AR ey POIIAIIMIAVGANESTAPK 114
AtCyt c-2 KTLYDM4FLIjZ e ean ey RaDLI AVASEGTA-- 112
ScCyt c-1 NNMSE}FTN}Zean el iR DINIIRIT)4ANKACE-- 103

Figure 5.5. Clustal W multiple sequence alignment of Arabidopsis Cyt ¢ isozymes and yeast iso-1 Cyt ¢ (ScCyt
c-1). Accession numbers used AtCyt c-1, At1g22840; AtCyt c-2, At4g10040; and ScCyt c-1, P0O0044. Identical
residues are shaded in black, similar residues are shaded in grey. Residues of ScCyt ¢-1 showing the largest
chemical shift perturbations (>0.25 ppm) are marked with an asterisk (*) and residues showing moderate chemical
shift perturbations (>0.10 ppm) are marked with a dot. N.B. the numbering of yeast iso-1 Cyt ¢ starts at -5.

The interactions of GALDH and the 9-fold surface mutant were studied by NMR chemical
shift perturbation analyses using '*N-labelled ferric yeast iso-1 Cyt ¢. The Cyt ¢ residues
involved in the interaction with GALDH are confined to a single surface patch on the front
side of the molecule (Fig. 5.4). Only a few residues (Phe36 and Gly37 in case of the 9-fold
surface mutant) on the back side are affected as well which may represent transmitted effects
due to binding on the front side. Remarkably, wild-type GALDH and the 9-fold surface
mutant show a similar binding constant for Cyt c. The binding map for the 9-fold surface
mutant is very similar to wild-type GALDH, although there are subtle differences suggesting
that in the complex with the 9-fold mutant Cyt ¢ assumes a less dynamic, more well-defined
orientation relative to GALDH than in complex with wild-type GALDH. The removal of 7
positive charges on the GALDH surface might result in less electrostatic repulsion between
GALDH and Cyt c. Interestingly, binding maps of Cyt ¢ in the complexes with GALDH (this
work), Cyt bs (Volkov et al., 2005) and the non-physiological partner adrenodoxin (Worrall et
al., 2003) are strikingly similar. Moreover, chemical shift mapping studies of Cyt ¢ in the
complexes with bovine Cyt bs (Volkov et al., 2005), yeast Cyt ¢ peroxidase (Worrall et al.,
2001), cyanobacterial Cyt f (Crowley et al., 2002), pea plastocyanin (Ubbink and Bendall,
1997), and GALDH (this work) indicate that Thr12 (GInl12 in horse heart Cyt ¢ used in ref.
(Ubbink and Bendall, 1997)) and GIn16 give the biggest binding shifts. This finding suggests
that Cyt ¢ employs a conserved set of surface-exposed residues for the interactions with a
variety of proteins. There are several buried groups whose chemical shift perturbations cannot
be explained by the direct interaction with a partner protein. Most likely, these are caused by
transmittance of the binding effects from the surface of the protein to its core via covalent and
hydrogen bonds (Ubbink and Bendall, 1997). The size of Ad observed for the Cyt ¢ - GALDH
complex is small which can be explained by multiple fast-exchanging protein - protein
orientations within the complex. For multiple, fast-exchanging, isoenergetic protein - protein
configurations, the observed Ad would be averaged over all orientations. This suggests that

Cyt ¢ and GALDH adopt different relative orientations within the complex, rather than form a
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single, well defined structure. The residues of yeast iso-1 Cyt ¢ showing the highest chemical
shift perturbations (> 0.25 ppm) are conserved among both Arabidopsis Cyt ¢ paralogs,
including Thrl12 (Fig. 5.5), suggesting that the interaction of GALDH and its physiological
electron acceptors involves a similar mechanism.

In conclusion, we demonstrated that GALDH forms a transient complex with Cyt ¢ and the
removal of 9 charged surface residues has little effect on the formation and dynamics of the

complex indicating that a defined binding or docking site for Cyt ¢ is absent from GALDH.
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Chapter 6

Abstract

The mitochondrial flavoenzyme L-galactono-y-lactone dehydrogenase (GALDH) catalyzes the
ultimate step of vitamin C biosynthesis in plants. We found that recombinant GALDH from
Arabidopsis thaliana is inactivated by hydrogen peroxide due to selective oxidation of
Cys340, located in the cap domain. Electrospray ionization mass spectrometry (ESI-MS)
revealed that the partial reversible oxidative modification of Cys340 involves the sequential
formation of sulfenic, sulfinic and sulfonic acid states. S-glutathionylation of the sulfenic acid
switches off GALDH activity and protects the enzyme against oxidative damage in vitro.
C340A and C340S GALDH variants are insensitive towards thiol oxidation, but exhibit a
poor affinity for L-galactono-1,4-lactone. Cys340 is buried beneath the protein surface and its
estimated pK, of 6.5 suggests the involvement of the thiolate anion in substrate recognition.
The indispensability of a redox-sensitive thiol provides a rationale why GALDH was
designed by Nature as a dehydrogenase and not, like related aldonolactone oxidoreductases,

as an oxidase.

Keywords: cysteine modification; flavoprotein; dehydrogenase; glutathionylation; oxidative stress; vitamin C

Abbreviations: ALO, D-arabinono-y-lactone oxidase; DTNB, 5,5-dithiobis (2-nitrobenzoic acid); DTT,
dithiothreitol; ESI-MS, electrospray ionization mass spectrometry; GALDH, L-galactono-y-lactone dehydrogenase;
GLO, D-gluconolactone oxidase; GSH, reduced glutathione; GSSG, oxidized glutathione; GUO, L-gulono-y-
lactone  oxidase; 3-maleimido PROXYL, 3-maleimido-2,2,5,5-tetramethyl-1-pyrolidinyloxyl; NEM,
N-ethylmaleimide; TNB, 5-thio-2-nitrobenzoate; VAO, vanillyl-alcohol oxidase
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Introduction

L-Ascorbate (vitamin C) is the most consumed vitamin on earth. It is a multifunctional
antioxidant that is particularly abundant in plants where it can reach millimolar
concentrations, representing over 10% of the soluble carbohydrate content. L-Ascorbate is a
cofactor for a number of enzymes and it is a major constituent of the intracellular redox
buffer. Its main function in plants is to scavenge reducing equivalents originating from
respiration and photosynthetic activity, protecting proteins, unsaturated fatty acids, and DNA
from irreversible oxidative damage (Smirnoff and Wheeler, 2000).

The terminal step of L-ascorbate biosynthesis in plants is catalyzed by the mitochondrial
flavoenzyme L-galactono-y-lactone dehydrogenase (GALDH; L-galactono-1,4-lactone:
ferricytochrome c-oxidoreductase; EC 1.3.2.3). GALDH mediates the two-electron oxidation

of L-galactono-1,4-lactone into L-ascorbic acid with the concomitant reduction of cytochrome
¢ (scheme 6.1):

HO HO
i 20 T Ho
HO ' ° GALDH : Ho\/\j—z//O
HO OH cyt ¢, CYt Croq HO OH
L-galactono-1,4-lactone L-ascorbic acid

Scheme 6.1. Reaction catalyzed by GALDH

Besides from producing L-ascorbate, the exploitation of the electron transport chain by
GALDH is important for the proper functioning of plant mitochondria (Alhagdow et al.,
2007). Furthermore, it has been reported that GALDH is required for the correct assembly of
respiratory complex I (Pineau et al., 2008).

GALDH and other aldonolactone oxidoreductases are two-domain proteins with a
conserved vanillyl-alcohol oxidase (VAO)-type FAD domain (Fraaije et al., 1998; Leferink et
al., 2008"). Most aldonolactone oxidoreductases are hydrogen peroxide-producing oxidases
containing covalently bound FAD, while GALDH reacts poorly with molecular oxygen and
contains non-covalently bound FAD (Leferink et al., 2008"). Aldonolactone oxidoreductases
have been isolated from various sources, but they are not well characterized. No crystal
structure is available, and little is known about the nature of the active site and the catalytic
mechanism. Several aldonolactone oxidoreductases, including GALDH from plants (Mapson
and Breslow, 1958; Oba et al., 1995; @stergaard et al., 1997; Imai et al., 1998; Yabuta et al.,
2000), L-gulono-y-lactone oxidase (GUO) from animals (Nishikimi, 1979), D-arabinono-y-
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lactone oxidase (ALO) from yeast (Huh et al, 1994), and trypanosomal aldonolactone
oxidoreductases (Logan et al., 2007), are sensitive towards inactivation by thiol modifying
agents. In line with this, we previously found that recombinant GALDH from Arabidopsis
thaliana is slowly inactivated during storage and that the activity can be completely restored
by treatment with the reducing agent dithiothreitol (DTT) (Leferink et al., 2008).

So far nothing is known about the nature of the thiol inactivation, and the effect of oxidants
on the activity of aldonolactone oxidoreductases has not been studied before. Here we
investigated the susceptibility of GALDH to oxidative stress and identified a critical cysteine
in the substrate binding site that makes the enzyme vulnerable towards irreversible

inactivation.
Materials and Methods

Mutagenesis, expression and purification of GALDH variants - The GALDH variants C340S,
and C340A, were constructed using pET-GALDH-Hiss (Leferink et al., 2008") as template
with the QuikChange II method (Stratagene, La Jolla, CA, USA). The following
oligonucleotides (Eurogentec, Liege, Belgium) were used (only sense primers are shown,
changed nucleotides are underlined): 5’-GAA ATT CTG GGC TTT GAC TCT GGT GGT
CAG CAG TG-3’ (C340S) and 5’-GAA ATT CTG GGC TTT GAC GCT GGT GGT CAG
CAG TG-3" (C340A). For enzyme production E. coli BL21(DE3) cells, harboring a pET-
GALDH plasmid, were grown in Luria-Bertani medium supplemented with 100 pg/ml
ampicillin until an ODgg of 0.7 was reached. Expression was induced by addition of 0.4 mM
isopropyl-thio-p-D-galactopyranoside and the incubation was continued for 16 h at 37°C. The

recombinant proteins were purified essentially as described before (Leferink et al., 2008").

Spectral analysis - Absorption spectra were recorded at 25°C on a Hewlett Packard
(Loveland, CO, USA) 8453 diode array spectrophotometer in 50 mM sodium phosphate, pH
7.4. Enzyme concentrations were routinely determined by measuring the absorbance at 450
nm using a molar absorption coefficient of 12.9 mM™ em™ for wild-type GALDH (Leferink
et al., 2008"). The molar absorption coefficients of C340S and C340A were determined by
recording absorption spectra in the presence and absence of 0.1% (w/v) SDS, assuming a

molar absorption coefficient for free FAD of 11.3 mM™ ¢cm™ at 450 nm.

Activity measurements - GALDH activity was routinely assayed by following the reduction of
cytochrome ¢ at 550 nm (Leferink et al., 2008"). Initial velocities were calculated using a
molar difference absorption coefficient (Agssp) of 21 mM™" cm™! for reduced minus oxidized

cytochrome c. One unit of enzyme activity is defined as the amount of enzyme that oxidizes 1
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umol of L-galactono-1,4-lactone per min, which is equivalent to the reduction of 2 pmol of
cytochrome ¢ (Oba et al., 1995).

Cysteine modification - All thiol modifications were carried out with purified enzyme
preparations freshly incubated with 1 mM DTT and 200 uM FAD for 15 min at room
temperature. Excess reagents were removed by Bio-Gel P-6DG (Bio-Rad, Hercules, CA,
USA) gel filtration in 50 mM sodium phosphate, pH 7.4. The estimation of sulthydryl groups
of native and unfolded GALDH was performed according to the method of Ellman (Ellman,
1959) with the modifications of Habeeb (Habeeb, 1972). The assay was performed on 2 uM
GALDH in 100 mM sodium phosphate, 0.5 mM EDTA, pH 8.0 with a 25-times molar excess
of 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB) (Merck, Darmstadt, Germany). The time-
dependent release of 5-thio-2-nitrobenzoate anion (TNB) was measured at 412 nm (g4;2 TNB
=13.6 mM™ cm™). Recombinant GALDH was labeled with N-ethylmaleimide (NEM, Sigma-
Aldrich, St Louis, MO, USA) or 3-maleimido-2,2,5,5-tetramethyl-1-pyrolidinyloxyl
(3-maleimido-PROXYL, Syva, Palo Alto, CA, USA) by incubating 100 uM enzyme with 1
mM maleimide for 15 min at room temperature. The reaction was stopped by the addition of 5
mM DTT; excess reagents were removed by Bio-Gel P-6DG gel filtration in 50 mM sodium
phosphate, pH 7.4. The time-dependent inactivation of GALDH by the different thiol
modifying agents was performed at room temperature. The incubation mixtures contained 2
uM enzyme, and 50 puM DTNB, 50 uM NEM or 5 mM hydrogen peroxide. The pH-
dependence of the hydrogen peroxide inactivation was performed at 25°C in 50 mM (Bis)
Tris-HCI buffers, pH 6.0 — 8.8. Aliquots were withdrawn at intervals and assayed for residual
enzyme activity using the standard assay procedure. The pK, of Cys340 was calculated by
fitting the inactivation data to equation 6.1:
y:a+% (eq. 6.1)
l+e *

Where y is the observed half-life of inactivation, a the calculated half-life at high pH, b the

calculated half-life at low pH, and & the rate of inactivation.

Electron paramagnetic resonance (EPR) - EPR spectra of wild type GALDH and the C340A
mutant, labeled with the 3-maleimido-PROXYL spin-label, were recorded on a X-band
Bruker Elexsys E-500 ESR system equipped with a super-high-Q cavity ER 4122SHQE in
combination with a SuperX X-Band Microwave Bridge type ER 049X. The concentration of
spin-labeled enzyme was about 30 uM. Spectra were obtained at room temperature using 50

ul glass capillaries inserted in a quartz EPR tube. Spectra were recorded with a scan range of
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10 mT, a modulation amplitude of 0.2 mT, a time constant of 10.24 ms, a scan time of 42
seconds and a microwave power of 5 mW. Up to 50 spectra were accumulated to improve the

signal-to-noise ratio. All spectra were analyzed using the Xepr software (Bruker).

Mass spectrometry - For the identification of hydrogen peroxide induced modifications, 100
uM GALDH or C340A in 50 mM sodium phosphate, pH 7.4 was incubated with 5 mM
hydrogen peroxide for 1 or 3 h at room temperature. S-glutathionylated GALDH was prepared
by incubation of DTNB inactivated GALDH with 5 mM reduced glutathione (GSH), or by
incubation of wild-type GALDH with 5 mM hydrogen peroxide and 5 mM GSH in 50 mM
sodium phosphate, pH 7.4 for 3 h at room temperature. Excess reagents were removed by
pouring over a Bio-Gel P-6DG column equilibrated with 50 mM ammonium acetate, pH 6.8.
The protein samples were analyzed by mass spectrometry, as control untreated wild-type and
C340A GALDH in 50 mM ammonium acetate, pH 6.8, were also analyzed. All mass
spectrometric analyses were performed at protein concentrations of 2 uM under denaturing
conditions to allow accurate molecular mass determinations. A solution of 5% formic acid
was used to denature the protein samples.

Mass spectrometry measurements were performed in positive ion mode using an
electrospray ionization time-of-flight (ESI-ToF) instrument (LCT, Waters, UK) equipped
with a Z-spray nano-electrospray ionization source. Needles were made from borosilicate
glass capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a P-97 puller
(Sutter Instruments, Novato, USA), coated with a thin gold layer by using an Edwards
Scancoat (Edwards Laboratories, Milpitas, USA) six Pirani 501 sputter coater. Mass spectra
were recorded with a capillary voltage of 1.2 kV and cone voltage of 70 V. The source
pressure was raised to 6.8 mbar (Tahallah et al., 2001), and the pressure in the ToF was 1-10°
mbar. All spectra were mass calibrated by using an aqueous solution of cesium iodide (25

mg/ml).
Results

Assignment of the critical cysteine - Previously we established that recombinant GALDH
from A. thaliana is slowly inactivated during storage and that DTT restores the activity
(Leferink et al., 2008"). In line with this observation, GALDH was readily inactivated by the
thiol-modifying agents DTNB (Fig. 6.1A) and NEM (Fig. 6.1B). Pre-incubation of the
enzyme with L-galactono-1,4-lactone protected the enzyme from thiol modification,

increasing the half-life of inactivation by one order of magnitude (Fig. 6.1A and 6.1B).

90



GALDH requires a redox-sensitive thiol for optimal vitamin C production

A B
oy =
Z 3
8 8
2 2
k] k]
= =
0 10 20 30

Time (min) Time (min)

c 100 D 100
120 < - N
= 2 0
(> ° 100 e o
2 10 £ O
2 E 801 g
o o
%) () 0.1+ T T T
« = 604 0 10 20 30 40
o 0 ) .
2 "—“', Time (min)
& 1 I  40-
©
o
204
0-1 T T T T T T T T T T T T 0 T T T T
0 40 80 120 5 6 7 8 9
Time (min) pH

Figure 6.1. Time-dependent inactivation of GALDH with thiol-modifying agents. GALDH (2 pM) was incubated
with 50 uM DTNB (A), 50 uM NEM (B) or 5 mM hydrogen peroxide (C) in 50 mM sodium phosphate, pH 7.4 in the
presence (open circles) or absence (closed circles) of 1 mM L-galactono-1,4-lactone. D) Half-life of inactivation of
GALDH (2 uM) by hydrogen peroxide (5 mM) as a function of pH. The inset shows the time-dependent
inactivation of GALDH (2 uM) by hydrogen peroxide (5 mM) in 50 mM Bis-Tris-Cl, pH 6.0 (black circles), 50 mM
Tris-Cl, pH 7.4 (dark gray circles), 50 mM Tris-Cl, pH 8.0 (light gray circles), and 50 mM Tris-Cl, pH 8.8 (open
circles) For clarity, only selected traces are shown.

The number of reactive sulthydryl groups in GALDH was estimated with the method of
Ellman (Ellman, 1959). DTNB analysis of unfolded GALDH yielded a total number of five
cysteines per polypeptide chain, consistent with the amino acid sequence of mature GALDH
(Table 6.1). DTNB analysis of native GALDH revealed only one reactive cysteine (Table
6.1). DTNB analysis of NEM-inactivated GALDH yielded no response, indicating that both
thiol-modifying reagents react with the same accessible cysteine.

To identify the critical cysteine residue, the amino acid sequence of GALDH was
compared with other aldonolactone oxidoreductases. Interestingly, only one cysteine residue,
Cys340 in recombinant GALDH, is conserved among the aldonolactone oxidoreductases that

are sensitive towards inactivation by thiol modifying agents. D-Gluconolactone oxidase from
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Table 6.1. Thiol content of native and unfolded GALDH variants as determined by DTNB analysis. Data are
presented as the mean + SD of two experiments.

Thiol groups
GALDH (mol/mol FAD)
Native Unfolded
Wild-type 0.8+0.1 49+05
NEM-GALDH 0.2+0.1 3.8+04
C340S 0.2+0.1 3.8+0.1
C340A 0.1+0.05 3.6+0.1

Penicillium griseoroseum (PgGLO), which is resistant to inactivation by these compounds
(Takahashi et al., 1976), lacks this cysteine, as well as the related VAO family members
alditol oxidase, xylitol oxidase and sorbitol oxidase (Fig. 6.2). The conserved cysteine is
located in the C-terminal cap domain, which determines the substrate specificity in VAO-type
flavoproteins (Fraaije et al., 1998).

NH; - -COOH

AtGALDH
BoGALDH
IbGALDH
RnGUO
TcGAL
ScALO
PgGLO
AldO
Xylo
SorbO

276-RAEEMYP-SS
272-RAE P—SS

Figure 6.2. Sequence comparison of GALDH and related VAO-members. Upper panel: Schematic representation
of the primary structure of mature GALDH with the FAD-binding domain in blue and the cap-domain in red. Lower
panel: Sequence alignment around the conserved Cys. The accession numbers used are: A. thaliana GALDH
(AtGALDH), Q8GY16; Brassica oleracea GALDH (BoGALDH), O47881; Ipomoea batatas GALDH (IbGALDH),
Q9ZWJ1; Rattus norvegicus L-gulono-1,4-lactone oxidase (RnGUO), P10867; Trypanosoma cruzi
galactonolactone oxidase (TcGAL), Q4DPZ5; Saccharomyces cerevisiae D-arabinono-1,4-lactone oxidase
(ScALO), P54783; Penicillium griseoroseum D-gluconolactone oxidase (PgGLO), Q671X8; alditol oxidase (AldO),
Q9ZBU1; xylitol oxidase (XylO), Q9KX73; sorbitol oxidase (SorbO), P7011. Identical residues are shaded in
black, similar residues are shaded in gray. The conserved Cys is indicated in orange, conserved residues lining
the active site entrance in AldO are marked in red.

To confirm Cys340 as the target of modification, two GALDH variants were created by
site-directed mutagenesis in which Cys340 was replaced by a serine residue (C340S) or an
alanine residue (C340A). Both mutant proteins were expressed as holoproteins and could be
purified in similar quantities as the wild-type protein (Leferink et al., 2008”). DTNB analysis
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showed that native C340S and C340A contained no surface accessible cysteine residues
(Table 6.1). Both C340S and C340A are also insensitive towards inactivation by DTNB.
These data establish that Cys340 is the target reactive cysteine in wild-type GALDH.

Cys340 is located in or near the active site - To investigate the role of Cys340 in GALDH
catalysis, the biochemical properties of the C340S and C340A variants were studied in more
detail. Both mutant proteins have flavin absorption characteristics similar to wild-type
GALDH (not shown). The molar absorption coefficient (g450) of the protein-bound flavin was
determined to be 13.2 and 13.0 mM™ ecm™ for C340S and C340A, respectively, similar to the
value of 12.9 mM™ cm™ reported for wild-type GALDH (Leferink et al., 2008"). Steady-state
kinetic analysis revealed that the Michaelis-constant for L-galactono-1,4-lactone is 30-50 fold
higher for C340S and C340A than for wild-type GALDH (Table 6.2). However, the turnover
rate is only slightly lower in the Cys340 variants (Table 6.2). The high K, and A, of the
mutant proteins suggest that Cys340 is involved in substrate binding rather than in catalysis.
This is in agreement with the fact that the substrate protects the enzyme from inactivation by
DTNB and NEM (Fig. 6.1A and 6.1B).

Table 6.2. Kinetic parameters of GALDH variants with L-galactono-1,4-lactone. Data are presented as the mean +
SD of at least two experiments.

Km Keat Keat | Km
GALDH (mM) (s (mM's™
Wild-type® 0.17 £ 0.01 134 +5 770
C340S 50+0.5 59 + 2 12
C340A 9.0+0.6 79+3 9

2 Data obtained from (Leferink et al., 2008").

To probe the micro-environment around Cys340, wild-type GALDH was modified with
the maleimide spin-label 3-maleimido-PROXYL via Cys340 (Fig. 6.3A). The flavin
absorption properties of the spin-labeled protein were identical to the unlabeled protein (Fig.
6.3B), suggesting that the spin-label is not located in close vicinity of the isoalloxazine moiety
of FAD. EPR analysis of the modified enzyme revealed a highly immobile spin-label (Fig.
6.3C), indicating that Cys340 has a buried location and is not surface exposed. Maleimide
spin-labeling of the C340A variant revealed the covalent incorporation of a minor amount of
highly mobile spin-label (Fig. 6.3C). The spin-labeling of C340A most likely originates from
a slow reaction with surface lysines or other less accessible cysteines and does not result in
any loss of activity. This confirms that the reaction of GALDH with 3-maleimido-PROXYL
is highly specific for Cys340.
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Figure 6.3. Spin-labeling and EPR of wild-type GALDH and C340A. A) Spin-labeling reaction of wild-type GALDH
with 3-maleimido-PROXYL via Cys340. B) Absorption spectra of wild-type GALDH (solid line) and C340A (dotted
line) labeled with 3-maleimido-PROXYL recorded in 50 mM sodium phosphate, pH 7.4. C) EPR spectra of wild-
type GALDH modified with the 3-maleimido-PROXYL spin label (), GALDH C340A modified with the
3-maleimido-PROXYL spin label (II) and free spin-label (Ill). A sample of 30 uM spin-labeled enzyme or free spin-
label in 50 mM sodium phosphate, pH 7.4 was used.

Susceptibility of GALDH to oxidative stress - The requirement of Cys340 for optimal catalysis
might explain the sensitivity of GALDH towards (reversible) inactivation during long term
storage at low temperature (Leferink et al., 2008). Because this inactivation is likely caused
by cysteine oxidation, the effect of oxidative stress on the enzyme activity was examined in
further detail. Fig. 6.1C shows that at room temperature pH 7.4, GALDH is completely
inactivated within 1 h by incubation with 5 mM hydrogen peroxide. In agreement with the
thiol modifications reported above, the time-dependent inactivation of GALDH by hydrogen
peroxide is retarded in the presence of L-galactono-1,4-lactone (Fig 6.1C). L-Ascorbate
protects the enzyme from fast inactivation in a similar fashion as L-galactono-1,4-lactone,
implying that the product can bind to the oxidized enzyme. The peroxide inactivation of wild-
type GALDH is strongly pH-dependent (Fig 6.1D). From the pH-dependence of enzyme
inactivation a pK, value of 6.5 was estimated for Cys340, which is significantly lower than
the pK, of 8.3 for free cysteine in solution.

Treatment of the peroxide-inactivated enzyme with DTT restores only part of the initial

enzyme activity, indicating that irreversible oxidative damage has occurred. The partial
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reversible inactivation of GALDH with hydrogen peroxide is consistent with the following
reaction sequence (van Berkel and Miiller, 1987; Poole et al., 2004) (Scheme 6.2),

H20, H20, H20,
EESH &—*» ESOH —» E-SOH ——» E-SOH
DTT

Scheme 6.2. Oxidation states of cysteine, and their reversibility by DTT.

where E-SH, E-SOH, E-SO,H and E-SOsH represent the sulthydryl, sulfenic, sulfinic and
sulfonic acid form of Cys340, respectively. The sulfenic acid is generally unstable and readily
reacts with other thiols to form (mixed) disulfides or it can undergo further oxidation to the
sulfinic or sulfonic acid (Poole et al., 2004; Jacob et al., 2006).

The oxidation state of Cys340 resulting from the reaction of GALDH with hydrogen
peroxide was determined by ESI-MS (Table 6.3). For this purpose, wild-type GALDH and the
C340A variant were treated with 5 mM hydrogen peroxide for 1 h (partial inactivation) or 3 h
(complete inactivation). The measured mass of denatured wild-type GALDH (Fig. 6.4A, top
panel) is 58832.64 + 8.69 Da. The mass spectrometric data show that after 1 h of incubation
with hydrogen peroxide a species with a mass increase of 32 Da is observed (Fig. 6.4A,
middle panel). After 3 h of incubation with peroxide, only a species with a mass increase of
48 Da is present (Fig. 6.4A, bottom panel). The inset shows the separation of the three
different GALDH species by ESI-MS, zoomed in on charge state 54+. The measured mass of
denatured C340A is 58800.78 = 7.21 Da, as expected, the C340A mutant did not show any
mass increase upon treatment with peroxide (Table 6.3), confirming that Cys340 is the only
site of oxidation.

Wild-type GALDH treated with peroxide for 1 h regained nearly 50% of its activity after
DTT treatment. However, ESI-MS of the DTT-treated wild-type sample did not show any
reversibility of the +32 Da species (Table 6.3). The inability to detect a +16 Da species
indicates that the sulfenic acid is indeed highly reactive, and not stable. In line with the
abovementioned scheme (Scheme 6.2), the obtained results show that Cys340 in GALDH is

readily oxidized to the sulfinic and sulfonic acid stage, and that the oxidation is irreversible.

S-Glutathionylation of GALDH - Reduced glutathione (GSH; 7y-L-glutamyl-L-cysteinyl-
glycine) is the most prevalent low molecular weight thiol present in cells (millimolar range).
GSH is often associated with the protection of surface exposed protein thiols against over-
oxidation. Glutathionylated proteins are also of clinical relevance, glutathionyl hemoglobin is,

for example, used as a marker for oxidative stress in human blood, underlining the growing
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Figure 6.4. (Previous page). ESI-MS spectra of oxidized and S-glutathionylated GALDH. A) ESI-MS spectra of
oxidized GALDH. Mass spectra of untreated wild-type GALDH (black), GALDH incubated with hydrogen peroxide
for 1 h (red), and GALDH incubated with hydrogen peroxide for 3 h (blue). Spectra were recorded under
denaturing conditions in 50 mM ammonium acetate solution with 5% formic acid. The inset shows a zoom in of
the overlayed mass spectra at charge state 54+. Under denaturing conditions FAD dissociates from GALDH,
resulting in apo-GALDH and FAD in the mass spectra. Singly charged FAD is observed via protonation, and
cationization by Na® and K'. B) ESI-MS spectra of S-glutathionylated GALDH. Mass spectrum of GALDH
incubated with hydrogen peroxide and GSH (black) and mass spectrum of S-glutathionylated GALDH treated with
DTT (red). Both spectra only show a zoom in on the charge states 44+ to 46+. Spectra were recorded under
denaturing conditions in 50 mM ammonium acetate solution with 5% formic acid.

Table 6.3. Determination of oxidative modifications of GALDH by ESI-MS.

Rel. activity Average mass A mass Intensity
Treatment (%) (Da) (Da) (%) Modification
WT GALDH
control® 100 58832.64 + 8.69 - 100 -
H202 (1 h) 24 58863.29 + 10.48 +30.65 100 Sulfinic acid
H202 (1 h) + DTT 53 58866.72 + 13.06 +34.10 100 Sulfinic acid
H202 (3 h) 1.4 58879.06 + 10.81 +46.42 100 Sulfonic acid
H2O, (3 h) + DTT 6.9 nd nd nd nd
H,0,/GSH 0.3 59137.68 + 6.88 +305.04 76 Glutatf?ionyllation
58876.88 + 9.41 +44.24 24 Sulfonic acid
H,0,/GSH + DTT 68 59134.11 £ 10.81 +301.95 46 Glutathionylation
58831.60 + 12.18 - 54 None
GALDH C340A
control® 100 58800.78 + 7.21 - 100 -
H202 (1 h) 109 58805.22 + 6.35 - 100 None
H202 (3 h) 100 58810.82 + 6.58 - 100 None

@Calculated mass apo his-tagged GALDH is 58821.95 Da
®Calculated mass apo his-tagged GALDH C340A is 58789.89 Da
nd, not determined

relevance of oxidative stress as a pathological factor in many (chronic) diseases (Pastore et
al., 2003; Mandal et al., 2007). Mixed disulfides between protein cysteine residues and GSH
can be formed upon thiol disulfide exchange with oxidized glutathione (GSSG) or by the
reaction of GSH with cysteine sulfenic acid (Dalle-Donne et al., 2007). Not all protein thiols
readily form mixed disulfides with GSH, the accessibility and reactivity of the cysteine
residues involved are the major determinants for their susceptibility to S-glutathionylation
(Dalle-Donne et al., 2007).
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To investigate the ability of GALDH to form a mixed disulfide with GSH via Cys340,
DTNB-inactivated GALDH (GALDH-TNB) was incubated with excess GSH. GALDH-TNB
has near-UV spectral properties which are clearly distinct from wild-type GALDH (Fig.
6.5A). Upon incubation with GSH the spectral perturbations caused by TNB binding
disappeared and another species appeared, which shows a red shift compared to the spectrum
of unmodified GALDH (Fig. 6.5A). DTT readily re-activated GALDH-TNB with the
concomitant release of the TNB anion. GSH, however, did slowly release the TNB anion, and

could not restore the activity, suggesting that a mixed disulfide has formed between Cys340
and GSH.
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Figure 6.5. Absorption spectra of thiol-modified GALDH. A) DTNB treated GALDH (dotted-line) and DTNB
inactivated GALDH treated with GSH (dashed-line) compared to untreated GALDH (solid line). B) Hydrogen
peroxide inactivated GALDH (dotted-line) and hydrogen peroxide and GSH inactivated GALDH (dashed-line).

Wild-type GALDH incubated with hydrogen peroxide for 3 h is completely inactive and
has spectral properties identical to the untreated enzyme. Incubation of wild-type GALDH
with hydrogen peroxide in the presence of GSH yielded also inactive GALDH, but the
spectral properties of this species are identical to the species obtained after incubation of
GALDH-TNB with GSH (Fig. 6.5B). The activity of the hydrogen peroxide/GSH treated
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GALDH could be restored upon incubation with excess DTT, indicating that the modification
is reversible, in contrast to the modification with hydrogen peroxide alone. To confirm that
indeed S-glutathionylation had occurred, the hydrogen peroxide/GSH treated GALDH sample
was analyzed with ESI-MS (Table 6.3). The observed mass was 59137.68 = 6.88 Da, an
increase of 305 Da compared with unmodified GALDH, which matches with the attachment
of one molecule of GSH (Fig. 3B, top panel). Upon treatment with DTT, the mass of native
GALDH was obtained, showing the reversibility of the S-glutathionylation reaction (Fig.
6.4B, bottom panel). Incubation with GSSG did not inactivate GALDH, suggesting that
S-glutathionylation of GALDH occurs via the sulfenic acid of Cys340.

Discussion

GALDH is the terminal enzyme of vitamin C biosynthesis in plants (Leferink et al., 2008°). It
is already known for a long time that GALDH and related aldonolactone oxidoreductases are
inactivated by thiol modifying agents (Mapson and Breslow, 1958; Nishikimi, 1979; Huh et
al., 1994; Oba et al., 1995; Ostergaard et al., 1997; Imai et al., 1998; Yabuta et al., 2000;
Logan et al., 2007). However, information concerning the site(s) of modification and
implications for catalysis are lacking. Here we showed that GALDH from 4. thaliana is
readily inactivated by DTNB, NEM and hydrogen peroxide and that the loss of activity is
retarded in the presence of the L-galactono-1,4-lactone substrate or L-ascorbate product.
Cys340 was found to be the target of thiol modification. The critical involvement of this
residue in substrate binding makes GALDH sensitive towards oxidative stress. Cys340 is the
only conserved cysteine among the aldonolactone oxidoreductases, suggesting a similar
critical function for this residue in the corresponding enzymes. From pH-dependent
inactivation experiments, we estimated an apparent pK, of 6.5 for the Cys340 side chain. This
relatively low pK, suggests that during GALDH -catalysis, which is optimal at pH 8.8
(Leferink et al., 2008"), Cys340 participates as the thiolate anion. Interestingly, a recently
discovered lactonase, that catalyzes the interconversion of L-galactonate to L-galactono-1,4-
lactone in the ascorbate biosynthetic pathway of the photosynthetic algae Euglenia gracilis,
also seems to use a cysteine for recognition of the galactonolactone (Ishikawa et al., 2008).
Due to the lack of 3D-structural information of the aldonolactone oxidoreductase family,
the exact role and location of Cys340 in GALDH remains elusive. Maleimide spin-labeling of
GALDH indicated that Cys340 has a buried location, and is not surface exposed. The local
protein environment around Cys340 reduces the rotational mobility of the spin-label, resulting
in an EPR spectrum that shows severe line-broadening and decreased amplitudes. Either
Cys340 is located on the surface, and the spin-label is oriented inwards, or Cys340 is located

inside the substrate entrance tunnel. The latter option seems more likely, because the

99



Chapter 6

maleimide group is directly attached to the nitroxide spin label in the absence of a linker,
restricting the ability of the spin-label to make large movements relative to the maleimide
group.

Due to its buried location away from the flavin, Cys340 is not directly involved catalysis.
This is supported by the fact that bound L-galactono-1,4-lactone protects the enzyme from fast
inactivation by thiol modifying agents and that replacement of Cys340 by Ser or Ala strongly
weakens substrate binding while retaining the catalytic activity. The location of Cys340 in or
near the substrate entrance pocket is further supported by the crystal structure of alditol
oxidase (PDB accession nr. 2VFES), a related VAO-family member. Residues lining the
entrance of the catalytic pocket of alditol oxidase, including Phe279, Pro281 and Glu286
(Forneris et al., 2008), align around Cys340 of GALDH and seem to be conserved in PgGLO
(Fig. 6.2). Apparently, the nature of the entrance to the catalytic pocket is different in
aldonolactone oxidoreductases than in other related VAO-family members.

ESI-MS showed that the hydrogen peroxide-induced oxidative damage of GALDH is
solely due to the modification of Cys340 and involves the sequential formation of sulfenic,
sulfinic and sulfonic acid states. Protein sulfinic and sulfonic acids are generally stable and
not reduced by low molecular weight thiols. One exception is the active site cysteine of
peroxiredoxin which can be over-oxidized to the sulfinic acid, and reduced back to the
sulfenic acid via the action of sulfiredoxin (Jacob et al., 2006). Protein sulfonic acids are
resistant to any type of cellular repair, and their formation leads to the proteasomal degradation of
the protein (Dalle-Donne et al., 2007). Oxidation of GALDH by air results in the sulfenic acid
form of Cys340 causing enzyme inactivation. This mild oxidation is fully reversed by DTT.

Reactive protein thiols can be protected against over-oxidation through site-specific
S-glutathionylation. The glutathionylated protein remains stable under oxidative stress
conditions, and can be deglutathionylated once the redox balance is restored. Our results show
that GSH protects GALDH from over-oxidation in vitro via reversible S-glutahionylation of
Cys340. Evidence for posttranslational modification of the GALDH activity in vivo was
found in bean nodules under oxidative stress conditions, in which the mRNA levels did not
correspond to the GALDH activity and ascorbate content (Loscos et al., 2008). Furthermore,
GALDH is inhibited during the early stages of programmed cell death, which is characterized
by a burst of reactive oxygen species (Valenti et al., 2007). This lends support to the proposal
that GALDH can be regulated in vivo via modification of Cys340, presumably via
S-glutathionylation.

L-Ascorbate is one of the most abundant soluble carbohydrates in plant leaves (Noctor and
Foyer, 1998). It acts, for example, as a photoprotectant during photosynthesis and confers
resistance to abiotic stresses by scavenging reactive oxygen species (Noctor and Foyer, 1998).

Hence, the L-ascorbate content and GALDH transcript levels are increased during high light

100



GALDH requires a redox-sensitive thiol for optimal vitamin C production

conditions (Tamaoki et al., 2003; Yabuta et al., 2007). The production of high levels of
L-ascorbate in plants (up to 5 mM in green leaves) might be an important reason why
GALDH was designed by Nature as a dehydrogenase and not, like related aldonolactone
oxidoreductases (Leferink et al., 2008, as an oxidase. Oxidase activity would generate high
amounts of hydrogen peroxide and stimulate the irreversible inactivation of GALDH.
Furthermore, high levels of hydrogen peroxide will de-regulate the expression and
functioning of ascorbate peroxidases and other thiol-modulated enzymes and stimulate
ageing, senescence and cell death (Giorgio et al., 2007; Navrot et al., 2007; Ishikawa and
Shigeoka, 2008). Galactonolactone oxidase activity in the mitochondrial intermembrane space
would also consume high amounts of oxygen, which might affect respiration. Recently we
showed that A. thaliana GALDH can be converted into an efficient galactonolactone oxidase
by a single Ala to Gly substitution. The mutation creates space in the active site allowing
oxygen to access the reduced flavin (Leferink et al., 2009). This subtle gatekeeper mechanism
seems to be a general strategy for regulating the oxygen reactivity of flavoenzymes and
allows the easy generation of dehydrogenases that do not form reactive oxidants with a long
lifetime such as hydrogen peroxide.

In conclusion, we have shown that GALDH, the ultimate vitamin C producer in plants, is
susceptible to oxidative stress. The sensitivity towards oxidative damage is due to a reactive
cysteine located in or near the substrate binding site. Post-translational modification of this

conserved cysteine might regulate the in vivo activity of GALDH (Brandes et al., 2008).
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Abstract

The oxygen reactivity of flavoproteins is poorly understood. Here we show that a single Ala
to Gly substitution in L-galactono-y-lactone dehydrogenase (GALDH) turns the enzyme into a
catalytically competent oxidase. GALDH is an aldonolactone oxidoreductase with a vanillyl-
alcohol oxidase (VAO) fold. We found that nearly all oxidases in the VAO family contain
either a Gly or Pro at a structurally conserved position near the C4a locus of the isoalloxazine
moiety of the flavin, whereas dehydrogenases prefer another residue at this position. Mutation
of the corresponding residue in GALDH (Alal13—Gly) resulted in a striking 400-fold
increase in oxygen reactivity, while the cytochrome ¢ reductase activity is retained. The
activity of the A113G variant shows a linear dependence on oxygen concentration (kox = 3.4 x
10° M s, similar to most other flavoprotein oxidases. The Alal13—Gly replacement does
not change the reduction potential of the flavin, but creates space for molecular oxygen to
react with the reduced flavin. In the wild-type enzyme Alall3 acts as a gatekeeper,
preventing oxygen to access the isoalloxazine nucleus. The presence of such an oxygen access
gate seems to be a key factor for the prevention of oxidase activity within the VAO family,

and 1s absent in members that act as oxidases.

Keywords: electron acceptor; dehydrogenase; flavoprotein; oxidase; vitamin C

Abbreviations: AldO, alditol oxidase; CO, cholesterol oxidase; GALDH, L-galactono-y-lactone dehydrogenase;
VAO, vanillyl-alcohol oxidase
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Introduction

The flavoenzyme L-galactono-y-lactone dehydrogenase (GALDH; EC 1.3.2.3) catalyzes the
terminal step in the biosynthesis of vitamin C (L-ascorbate) in plants. Besides producing this
essential nutrient, GALDH is required for the accumulation of plant respiratory complex I
(Pineau et al., 2008). GALDH is an aldonolactone oxidoreductase that belongs to the vanillyl-
alcohol oxidase (VAO) flavoprotein family (Fraaije et al., 1998). Members of this family
share a two-domain folding topology with a conserved FAD-binding domain and a cap
domain that defines the substrate specificity (Mattevi et al.,, 1997). VAO family members
include enzymes involved in carbohydrate metabolism and lignin degradation, and enzymes
that participate in the synthesis of antibiotics and alkaloids (Leferink et al., 2008%). Most VAO
members contain a covalently tethered FAD and act as oxidases that use molecular oxygen to
re-oxidize the flavin, resulting in the production of hydrogen peroxide. In contrast to related
aldonolactone oxidoreductases like L-gulono-y-lactone oxidase from animals (Nishikimi,
1979) and D-arabinono-y-lactone oxidase from yeast (Huh et al., 1998), GALDH reacts poorly
with molecular oxygen and contains non-covalently bound FAD (Leferink et al., 2008). No
crystal structure is available for the aldonolactone oxidoreductase subfamily, and little is
known about the nature of the active site and the catalytic mechanism.

GALDH is localized in the mitochondrial intermembrane space where it feeds electrons
into the respiratory chain. Its subcellular localization could provide a rationale why GALDH
is a dehydrogenase and not, like related enzymes, an oxidase. The latter activity would result
in high levels of mitochondrial hydrogen peroxide that promote GALDH inactivation
(Leferink et al., 2008°) and induce ageing, senescence and cell death (Navrot et al., 2007;
Noctor et al., 2007). Furthermore, it has been shown that the exploitation of the electron
transport chain of GALDH via cytochrome c is essential for the proper functioning of plant
mitochondria (Alhagdow et al., 2007).

GALDH from Arabidopsis thaliana has several properties in common with flavoprotein
oxidases, including the stabilization of the red anionic flavin semiquinone and the formation
of a flavin N5-sulfite adduct (Leferink et al., 2008"), but reacts three to four orders of
magnitude slower with molecular oxygen than what is typically found for oxidases. The
reaction of flavoprotein oxidases with molecular oxygen generally follows second order
kinetics with rate constants in the range of 10° M s™ for most oxidases to 10° M s™ for
glucose oxidase (Mattevi, 2006).

Up to now there are no clear rules that enable to predict whether or how a flavoprotein
reacts with molecular oxygen. A combination of structural and dynamic features like properly
positioned positive charges, solvation of the active site, and protein breathing might play a

role (Mattevi, 2006). The existence of (hydrophobic) oxygen channels from the surface to the
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active site has been proposed for several flavoenzymes, including the VAO-members
cholesterol oxidase (CO) (Coulombe et al., 2001) and alditol oxidase (AldO) (Forneris et al.,
2008).

Structure-inspired attempts to alter the oxidase activity of flavoenzymes have been mainly
focused on decreasing the oxygen reactivity. Blocking putative oxygen binding sites or
oxygen channels resulted in mutant proteins with poor catalytic properties and which are still
active with molecular oxygen (Chen et al., 2008; Piubelli et al., 2008; Winter et al., 2008).
Replacing a Lys in the active site of monomeric sarcosine oxidase decreased the oxygen
reactivity by more than 1000-fold (Zhao et al., 2008). Slight improvements in the oxygen
reactivity were reported for D-amino acid oxidase (Pollegioni et al., 2008), where a directed
evolution approach was followed to obtain variants with increased oxygen affinity. A Tyr to
Lys mutation increased the oxygen reactivity of medium-chain acyl-CoA dehydrogenase due
to a better exposure of the flavin to solvent, but the reaction is far from efficient (Zeng et al.,
2007).

In this study we investigated the molecular determinants for the poor oxygen reactivity of
GALDH from A. thaliana. Because structural information for the aldonolactone
oxidoreductases is lacking, we used a structure-based multiple sequence alignment strategy to
find structural correlations with oxidase activity within the VAO family. Strikingly, we found
that nearly all oxidase members of the VAO family contain a glycine or proline at a
structurally conserved position near the C4a atom of the isoalloxazine ring of the flavin, while
members that do not react with oxygen contain another residue at this position. The role of the
corresponding residue in GALDH, Alall3, in the reaction with molecular oxygen was
addressed by site-directed mutagenesis. We describe for the first time the characterization of a
GALDH variant capable of efficiently utilizing oxygen as electron acceptor, rendering a

catalytically competent L-galactono-y-lactone oxidase.

Materials and Methods

Chemicals - Benzyl viologen, bovine heart cytochrome ¢, FAD, L-galactono-1,4-lactone and
xanthine were purchased from Sigma-Aldrich. Resazurin was obtained from Acros Organics,
xanthine oxidase, catalase and superoxide dismutase were from Roche Applied Science. All

other chemicals were from commercial sources and of the purest grade available.

Sequence comparisons - A structure-based multiple sequence alignment of the FAD domain
of the VAO family was generated with the 3DM software (Joosten et al., 2008). The 3DM
alignment can be viewed at the 3DM Alignment program page (FAD-linked oxidases

database). Additional Clustal W multiple sequence alignments were performed to find
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corresponding residues at structurally conserved positions for VAO-members lacking in the

3DM alignment.

Cloning and site-directed mutagenesis - The cDNA encoding mature GALDH (At3g47930)
has been cloned previously into the pET23a(+) vector (Novagen) to yield pET-GALDH-Hisg
(Leferink et al., 2008"). The GALDH A113G variant was constructed using pET-GALDH-
Hise as template with the QuikChange II method (Stratagene) using the oligonucleotides
Al113G fw (5’-CTC TTC AGA ACT TTG GCT CCA TTA GAG AGC AG-3’) and
Al113G rv (5’-CTG CTC TCT AAT GGA GCC AAA GTT CTG AAG AG-3’). Successful
mutagenesis was confirmed by automated sequencing. The resulting construct
pET-GALDH_A113G-Hise was electroporated to E. coli BL21(DE3) cells (Novagen) for

recombinant expression.

Enzyme production and purification - For enzyme production E. coli BL21(DE3) cells,
harboring a pET-GALDH plasmid, were grown in Luria-Bertani medium supplemented with
100 pg/ml ampicillin until an ODggo of 0.7 was reached. Expression was induced by addition
of 0.4 mM isopropyl-thio-f-D-galactopyranoside and the incubation was continued for 16 h at
37°C. The recombinant Hise-tagged proteins were purified essentially as described before
(Leferink et al., 2008").

Protein analysis - SDS-PAGE was performed using 12.5% acrylamide slab gels essentially as
described by Laemmli (Laemmli, 1970). Proteins were stained using Coomassie Brilliant
Blue R-250. Total protein concentrations were estimated using the Bradford protein assay
from Bio-Rad with BSA as standard. Desalting or buffer exchange of small aliquots of
enzyme was performed with Bio-Gel P-6DG columns (Bio-Rad).

Spectral analysis - Absorption spectra were recorded at 25°C on a Hewlett Packard 8453
diode array spectrophotometer in 50 mM sodium phosphate buffer, pH 7.4. Spectra were
collected and analyzed using the UV-Visible ChemStation software package (Hewlett
Packard). The molar absorption coefficient for the mutant protein was determined by
recording absorption spectra in the presence and absence of 0.1% (w/v) SDS, assuming a

molar absorption coefficient for free FAD of 11.3 mM"' cm’

at 450 nm. Enzyme
concentrations were routinely determined by measuring the absorbance at 450 nm using a
molar absorption coefficient of 12.9 mM" ecm™ for wild-type GALDH (Leferink et al.,

2008).
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Reduction potential determination - The reduction potentials of wild-type GALDH and the
A113G variant were determined using the method of Massey (Massey, 1990). Briefly, a 1-ml
suba-sealed cuvette containing 5 uM GALDH, 400 uM xanthine, 2.5 uM benzyl viologen,
and 5 pM redox dye in 50 mM sodium phosphate, pH 7.4 was made anaerobic by flushing
with oxygen free nitrogen. To scavenge final traces of oxygen, 1 mM vanillyl alcohol and
catalytic amounts of eugenol oxidase (Jin et al., 2007) were added to the reaction mixture. To
start the reaction, 2 pl xanthine oxidase (20 U/ml) was added, and spectra were collected
every 2 min during the reduction using a Perkin Elmer Lambda Bio 40 spectrophotometer.

The potentials at 50% reduction of GALDH (E,,) were calculated using the Nernst equation:

_ RxT [ox]
E,=E, +2.303x(an)xlog( [red]j (eq. 7.1)

where FEj, is the measured potential, £y, is the midpoint potential of the enzyme, R is the gas

constant (8.31 J K™ mol™), T is the temperature in K, n is the number of electrons to go from
the oxidized species to the reduced species, F is the Faraday constant (96.5 kJ V™' mol™), and

[ox] and [red] are the concentrations of oxidized and reduced enzyme, respectively.

Activity measurements - GALDH activity was routinely assayed by following the reduction of
cytochrome ¢ at 550 nm (Leferink et al., 2008%). Because dithiothreitol interferes with the
reaction, it was removed from the enzyme solution by Bio-Gel P-6DG gel filtration
immediately prior to use. Initial velocities were calculated using a molar difference absorption
coefficient (Agssg) of 21 mM™" ¢cm™! for reduced minus oxidized cytochrome c. One unit of
enzyme activity is defined as the amount of enzyme that oxidizes 1 pmol of L-galactono-1,4-
lactone per min, which is equivalent to the reduction of 2 umol of cytochrome ¢ (Oba et al.,
1995). The reaction with molecular oxygen was assayed with a polarographic oxygen uptake
assay using a Clark electrode in aerated buffer (0.25 mM oxygen at 25°C) in the absence of
cytochrome c. To identify the product of oxygen reduction, catalytic amounts of catalase (10

ng) or superoxide dismutase (10 pug) were added to the oxygen uptake assay mixture.

Stopped-flow kinetics - The re-oxidation of wild-type GALDH and A113G with molecular
oxygen was studied by stopped-flow kinetics using an Applied Photophysics SX17MV
instrument. All experiments were performed in 50 mM sodium phosphate, pH 7.4 at 25°C.
Solutions were made anaerobic by flushing with oxygen free nitrogen. To scavenge final
traces of oxygen, 1 mM vanillyl alcohol and catalytic amounts of eugenol oxidase were added
to the reaction mixture. Reduced enzyme was prepared by using 1.2 eq. of substrate. The
oxidative half-reaction was followed at 450 nm by mixing the substrate-reduced enzyme with

buffer containing various concentrations of oxygen (0.25 — 1.25 mM). Obtained spectra were
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analyzed with the Pro-K software (Applied Photophysics), and single-wavelength traces were

fitted to a double exponential function:
A=A x ™ V4 Ay x *20 4 C (eq. 7.2)

where A is absorbance difference at 450 nm, k are the rate constants (s) and C the

absorbance off-set at 450 nm.
Results

Structural correlations with oxidase activity in the VAO family - Most members of the VAO
flavoprotein family are oxidases containing a covalently bound FAD cofactor (Fraaije et al.,
1998; Leferink et al., 2008%). Inspection of the structure-based multiple sequence alignment of
the FAD domain of many VAO-members yielded another striking correlation with oxidase
activity. All known oxidases, with the exception of alditol oxidase and xylitol oxidase,
contain either a glycine or a proline residue at a structurally conserved position near the C4a
locus of the flavin isoalloxazine ring that is potentially reactive towards molecular oxygen.
GALDH and other dehydrogenases, like cytokinin dehydrogenases and D-lactate
dehydrogenase, contain an alanine, threonine or isoleucine at this position. The occurrence of
amino acid residues at the structurally conserved position near flavin C4a in both oxidases
and dehydrogenases of the VAO family is shown in the supplemental materials.

Inspection of known crystal structures of VAO-members revealed that the residues at the
conserved position near flavin C4a are located on the re-side of the flavin, opposite of the
substrate binding site which is on the flavin si-side in VAO-members. In Figure 7.1 the active
sites of AldO and CO, the closest homologs of GALDH with a known 3D structure, are
depicted. A high degree of conservation is observed between GALDH, AldO and CO in the
substrate binding site and the area around the isoalloxazine ring of the flavin. AldO, although
an oxidase, contains an alanine (Alal05), analogous to Alal13 of GALDH, near flavin C4a,
CO contains a proline (Pro186) at this position. To address the potential oxidase activity of
GALDH, a A113G variant was constructed by site-directed mutagenesis to create more space

near flavin C4a.
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Glu320
Arg322 Arg477
Glu475
Ala105
Xylitol Pro186
Cda si-side
si-side
re-side
Lys554
Lys375 re-side
His46 His121

A B

Figure 7.1. Active sites of GALDH homologs. (A) AldO in complex with xylitol (pdb, 2VFS) (Forneris et al., 2008);
(B) cholesterol oxidase (pdb 1119) (Coulombe et al., 2001). For clarity only selected amino acid residues are
shown. The C4a atom of the flavin is labeled. Ligands are highlighted in black sticks, the FAD cofactors are
highlighted in yellow. Oxygen atoms are in red, nitrogens are blue.

Spectral properties - Mutation of Alal13 in GALDH into Gly yielded a stable holoprotein,
which could be expressed and purified in similar quantities as wild-type GALDH (Leferink et
al., 2008"). During the purification procedure a significant fraction of the mutant protein
(about one-third) lost its FAD cofactor, but the apoprotein was readily reconstituted to the
holo form with commercial FAD. The Alall3 to Gly replacement gives small spectral
perturbations in the flavin optical spectrum, the maxima at 376 nm and 450 nm are red and
blue shifted, respectively, and the shoulder at 475 nm is less pronounced (Fig. 7.2). The molar
absorption coefficient of the mutant protein is 13.0 mM™ c¢m™ at 449 nm compared to 12.9

mM™ cm™ at 450 nm for the wild-type protein.

Catalytic properties - The steady-state kinetic parameters of GALDH A113G for L-galactono-
1,4-lactone were determined using both oxygen and cytochrome ¢ as electron acceptor. The
A113G mutation yields a striking increase in turnover rate with molecular oxygen, ke =42 s
compared to 0.17 s for wild-type, while retaining the cytochrome ¢ reductase activity, kea =
116 s versus 134 s for the wild-type protein (Fig. 7.3A). The Michaelis constant for
L-galactono-1,4-lactone is slightly higher for the mutant protein than for the wild-type
enzyme (Table 7.1). The steady-state kinetic measurements with oxygen and cytochrome ¢
suggest that in the A113G variant the re-oxidation with oxygen is the rate-limiting step during
catalysis, and not flavin reduction or product release as is typical in flavoprotein oxidases
(van Berkel et al., 1999).
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Figure 7.2. Optical spectra of oxidized wild-type GALDH (solid line) and A113G (dotted line). Spectra are taken in
50 mM sodium phosphate, pH 7.4. The inset shows the difference spectrum of wild-type GALDH and A113G.

Table 7.1. Kinetic parameters of wild-type GALDH and A113G for L-galactono-1,4-lactone using cytochrome ¢ or
molecular oxygen (air saturated buffer) as electron acceptor.

Wild-type® A113G

Cytochrome c (50 uM)

Keat (") 134 +5 116 £ 5

Km, caL (MM) 0.17 £ 0.01 0.45 +0.03

Keatl Kin, caL (MM 5™ 7.7 x 10° 2.6 x 10°
Oxygen (0.26 mM)

Keat (s™) 0.17 £ 0.02 42+6

K, caL (MM) nd 0.46 +0.10

keatl K, caL (MM ) nd 9.1 x 10

2 Data from ref. (Leferink et al., 2008°)
nd, not detectable due to low oxygen consumption rates

To determine whether hydrogen peroxide or superoxide is produced as a result of oxygen
reduction by GALDH A113G, the oxygen uptake assay was performed in the presence of
catalase, which converts hydrogen peroxide into water and oxygen, or superoxide dismutase,
which converts superoxide into hydrogen peroxide and oxygen. In the presence of catalase,
the oxygen consumption rate was about half of the rate observed in the absence of catalase.
Moreover, when catalase was added at the end of the reaction, about 50% of the consumed
oxygen was regenerated. The addition of superoxide dismutase to the assay mixture had no
effect on the oxygen consumption rate, confirming that hydrogen peroxide is indeed formed
as a result of flavin re-oxidation by the A113G variant. Also for wild-type GALDH, no

superoxide formation could be detected.

Oxidative half-reaction - The kinetics of re-oxidation of wild-type GALDH and the A113G
variant by molecular oxygen were studied in more detail by mixing substrate-reduced enzyme

with aerated buffer in the stopped-flow apparatus. Diode-array detection revealed that flavin

111



Chapter 7

re-oxidation did not involve spectral intermediates in both variants. Deconvolution of the
spectra taken during re-oxidation of wild-type GALDH revealed a single phase, while A113G
showed two phases during the re-oxidation, a fast phase (k =~30 s™) corresponding to flavin
re-oxidation and a second slower phase (k = ~7 s™) (data shown in supplemental materials).
The effect of oxygen concentration on the re-oxidation rate of A113G was studied by
single wavelength detection. Traces were best fit to a double exponential function. The first
fast phase represents the re-oxidation event and shows a linear dependence on the oxygen
concentration giving a bi-molecular rate constant of 3.4 x 10° M s for flavin re-oxidation
(Fig. 7.3B), a 400-fold increase compared to wild-type GALDH which has a bi-molecular rate
constant of 9.1 x 10> M' s™. Re-oxidation in the presence of excess product only had a minor
effect on the rate of re-oxidation of A113G, suggesting that the data presented reflect the

oxygen reactivities of the free reduced enzymes.

A

100

10

Koot (87

0.1

0.01
wt GALDH A113G

200+

150+

100+

-1
kobs (S )

50+

0 © ©

¢

00 02 04 06
[O,] (mM)

Figure 7.3. Catalytic properties and oxygen reactivity of wild-type GALDH and A113G. (A) Cytochrome c
reductase activity (black bars) vs. oxidase activity (gray bars) of wild-type (wt) GALDH and A113G. (B) Re-
oxidation of wild-type GALDH (open circles) and A113G (closed circles) by molecular oxygen. Substrate-reduced
enzyme was mixed with 50 mM sodium phosphate, pH 7.4 containing various amounts of oxygen at 25°C in the
stopped-flow apparatus. Kinetic traces were fit to a double exponential function. The average rates + the S.D. of
at least 7 traces are shown.
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The second slower phase observed during the re-oxidation of A113G accounts for
maximally 10-15% of the total absorbance change. The corresponding rates were not
dependent on the oxygen concentration and were around 5-10 s in all cases. The nature of
this phase is unclear, as it is slower than the observed k., it might represent a non-catalytic
event. Alternatively, the A113G protein preparation might consist of two populations, a fast
reacting species and a slow reacting one since the spectral difference in both processes is the
same. A similar slow phase (around 5 s™) that is not dependent on the oxygen concentration
was detected during the re-oxidation of type II CO (Piubelli et al., 2008).

Reduction potential - The protein structure around the isoalloxazine moiety of the flavin
controls both the catalytic function and the redox properties of the enzyme. To find out what
is the basis for the observed increase in oxidase activity in the A113G mutant, the reduction
potentials of wild-type GALDH and A113G were estimated using the xanthine/xanthine
oxidase method (Massey, 1990), using resazurin/resorufin (E, resorufin = -51 mV) as
reference dye. Both wild-type and A113G were reduced in a single two-electron step, without
the formation of a semiquinone species (Fig. 7.4). The reduction via a single two-electron
process fits well with the catalytic function of GALDH, the two-electron oxidation of
L-galactono-1,4-lactone. The midpoint reduction potentials of wild-type and A113G could be
estimated from the log (Ex/Ereq) versus log (dyeox/dyereq) plots and were -44 mV for wild-type
GALDH and -63 mV for A113G. These values are in the same range as has been reported for
other non-covalent flavoprotein dehydrogenases and oxidases (Stankovich, 1991), while
covalent flavoproteins generally have higher reduction potentials (Fraaije et al., 1999;
Winkler et al., 2007). The Alal13 to Gly mutation lowers the midpoint reduction potential of
GALDH by about 20 mV. Such a small decrease in reduction potential can not account for the

observed increase in oxidase activity.
Discussion

GALDH from A. thaliana is one of the few members of the VAO flavoprotein family that
poorly reacts with molecular oxygen (Leferink et al., 2008"). By performing a structure-based
multiple sequence alignment (Joosten et al., 2008) of the FAD domain of known VAO family
members we found a striking correlation between the presence of a Gly or Pro residue at a
structurally conserved position near the C4a locus of the flavin and the oxidase activity of
these enzymes. Replacing the corresponding residue in GALDH (Alal13) with Gly increased
the oxygen reactivity of GALDH with several orders of magnitude, yielding a catalytically

competent oxidase.
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Figure 7.4. Anaerobic reduction of 5 uM wild-type GALDH (A) and A113G (B) by the xanthine/xanthine oxidase
method (Massey, 1990) in the presence of 5 uM resazurin in 50 mM sodium phosphate, pH 7.4 at 25°C. Spectra
were taken at regular time intervals until complete reduction was achieved after 50 min. For clarity only selected
spectra are shown. au, absorbance units.

All oxidases of the VAO-family contain a covalently-bound FAD (Leferink et al., 2008%).
The properties of the GALDH A113G variant clearly show, however, that this feature is not
essential for VAO members to acquire oxidase activity. Covalent flavinylation does not
enhance the reactivity of the flavin with molecular oxygen, but merely increases the flavin
reduction potential, i.e. the power for substrate oxidation. The VAO H422A variant, which
contains non-covalently bound FAD, has a much lower reduction potential than the wild-type
enzyme, but a nearly identical reaction rate with molecular oxygen (Fraaije et al., 1999).
Similarly, cytokinin dehydrogenase contains covalently linked FAD, accordingly has a
relatively high reduction potential (+8 mV), but reacts poorly with molecular oxygen
(Frébortova et al., 2004). In agreement with the above considerations we found that the
Alal13—Gly mutation in GALDH results in a minor lowering of reduction potential of about
20 mV, but a 400-fold increase in oxygen reactivity.

Properly positioned positive charges are thought to enhance the oxygen reactivity of
flavoenzymes, possibly by stabilization of the superoxide-flavin semiquinone radical pair
generated after the first electron transfer from the reduced flavin to oxygen (Mattevi, 2006).
For glucose oxidase it was demonstrated that a protonated His (His516) in front of the
N5-C4a flavin locus is solely responsible for the observed fast reaction with molecular
oxygen (kox = 1.5 x 10° M' s™) (Roth and Klinman, 2003). Similarly, Lys265 was found to be
responsible for oxygen activation in monomeric sarcosine oxidase. Replacing this Lys with a
neutral residue resulted in a 8000-fold decrease in oxygen reactivity (Zhao et al., 2008).
GALDH contains two basic residues (Arg388 and Lys456) at the si-face of the flavin ring that
are possibly important for the reaction with oxygen. These residues are conserved in AldO
and CO (Fig. 7.1) where they are involved in substrate oxidation (Forneris et al., 2008). In
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monomeric sarcosine oxidase, the sites for substrate oxidation and oxygen reduction are also
found on opposite faces of the flavin (Trickey et al., 1999). As noted by Jorns and coworkers,
such an arrangement might avoid steric crowding in the ternary complex (Zhao et al., 2008).

The chemical reaction of flavoprotein oxidases with molecular oxygen is not completely
understood, but involves the transfer of one electron from the reduced flavin to oxygen
resulting in the formation of a superoxide anion/flavin semiquinone radical pair. Next, the
radical pair can dissociate to release the oxygen radical, it can undergo a second electron
transfer to produce hydrogen peroxide, or it can form a covalent C4a-(hydro)peroxyflavin
species that can further dissociate to form hydrogen peroxide. This oxygen-flavin adduct is
generally unstable, but is a common feature in flavoprotein monooxygenases that use this
intermediate to insert an oxygen atom into their substrates (van Berkel et al., 2006). For
oxidases it is not clear whether the C4a-(hydro)peroxyflavin is formed during the catalytic
cycle. Recently, for the first time such an intermediate has been experimentally detected in a
flavoprotein oxidase: pyranose 2-oxidase (Sucharitakul et al., 2008). The oxygenated flavin
species decayed to form oxidized flavin and hydrogen peroxide, consistent with the inability
of pyranose 2-oxidase to perform oxygenation reactions.

Most flavoprotein oxidases show a linear dependence on oxygen concentration, reflecting a
second order process, suggesting that the reaction is the result of a collision of oxygen and the
reduced flavin cofactor and that oxygen can freely diffuse into the active site (Mattevi, 2006).
For AldO, where no C4a-(hydro)peroxyflavin intermediate is detected during flavin re-
oxidation (Heuts et al., 2007%), it was argued that the methyl side-chain of Alal05,
homologous to Alall3 in GALDH, could hamper the formation of the peroxy-flavin
intermediate by steric hindrance (Forneris et al., 2008). AldO and GALDH show 25%
sequence identity but a high degree of conservation between these enzymes is observed in the
area around the isoalloxazine ring of the flavin, including several residues in the substrate
binding pocket. This supports that the A113G mutation in GALDH creates space for
molecular oxygen to reach and react with the N5-C4a locus of the reduced FAD cofactor. The
created space likely results in a cavity big enough to accommodate a molecule of dioxygen.

The acyl-CoA oxidases and dehydrogenases form another group of structurally similar
flavoenzymes that use different electron acceptors. A distinct oxygen binding site near the
C4a-N5 locus of the flavin was proposed for the acyl-CoA oxidases and assigned to the
presence of a Gly (Mackenzie et al., 2006; Arent et al., 2008). The role of this residue in the
oxygen reactivity was, however, never experimentally evaluated. Members of the FMN-
dependent L-2-hydroxy acid oxidase family contain either a Gly or Ala at the end of a four-
residue loop in close proximity of the C4a-N5 locus of the flavin (Mattevi, 2006). Changing
this Gly to Ala in L-lactate monooxygenase significantly reduced the oxygen reactivity (Sun

et al., 1996), whereas for mandelate dehydrogenase, a slight increase was found (Dewanti et
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al., 2004). Based on these results it was argued that the oxidase activity in this family might
be controlled by steric effects through the relative positions of the FMN and the four-residue
peptide loop. Members with a poor oxygen reactivity show a more constrained geometry
around the N5 position of the flavin (Dewanti et al., 2004).

In conclusion, we have shown for the first time that it is possible to convert a flavoprotein
dehydrogenase into a catalytically competent oxidase. Our findings are of general relevance
for the design of suitable biocatalysts because oxidases do not require expensive co-substrates
or regeneration systems (Joosten and van Berkel, 2007). Removal of the Alal13 side-chain of
GALDH creates space and allows oxygen to reach the reduced flavin. The presence of such a
gatekeeper residue in dehydrogenases is a key factor for preventing oxidase activity in the
VAO flavoprotein family. The question remains whether oxygen reaches the active site
through defined oxygen tunnels or via multiple entrances as the result of protein breathing.
What seems to be of key importance is the presence of space for molecular oxygen to reach

and attack the reduced flavin
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Supplementary materials

Table S7.1. Structural correlations with oxidase activity in the VAO family. Occurrence of amino acid residues at a
structurally conserved position near flavin C4a in both oxidases and dehydrogenases of the VAO family. An
overview of characterized VAO-members (Leferink et al., 2008%) with their corresponding residues is presented.

i . Residue a

Protein Organism Acc. nr. Enzyme class
near C4a

6-hydroxy-D-nicotine oxidase Arthrobacter oxidans P08159 Gly127 Oxidase
Aclacinomycin oxidoreductase Streptomyces galilaeus QOPCD7 Gly171 Oxidase
Alditol oxidase Streptomyces coelicolor Q9ZBU1 Ala105 Oxidase
Arabinonolactone oxidase Trypanosoma brucei Q57zU1 Pro112 Oxidase®
Berberine bridge enzyme Eschscholzia californica P30986 Gly164 Oxidase
Berberine bridge enzyme Papaver somniferum P93479 Gly168 Oxidase
Carbohydrate oxidase Helianthus annuus Q8SA59 Gly179 Oxidase
Chitooligosaccharide oxidase Fusarium graminearum XP_391174 Gly152 Oxidase
Cholesterol oxidase Brevibacterium sterolicum Q7SID9 Pro186 Oxidase
Cytokinin dehydrogenase Zea Mays Q9TONS Thr168 Dehydrogenase
Cytokinin dehydrogenase Arabidopsis thaliana Q9FUJ1 Thr161 Dehydrogenase
Cytokinin dehydrogenase Hordeum vulgare Q8H6F6 Thr160 Dehydrognease
D-arabinono-y-lactone oxidase Saccaromyces cerevisiae P54783 Gly117 Oxidase
D-arabinono-y-lactone oxidase Candida albicans 093852 Gly133 Oxidase
Dbv29 Nonomuraea sp. ATCC 39727 Q7Wz62 Gly149 Oxidase
D-gluconolactone oxidase Penicillium griseoroseium Q671X8 Gly131 Oxidase
D-lactate dehydrogenase Escherichia coli P06149 lle142 Dehydrogenase
Eugenol hydroxylase Pseudomonas sp. strain HR199 Q9RDU1 Pro152 Dehydrogenase
Eugenol oxidase Rhodococcus sp. RHA1 QOSBK1 Pro150 Oxidase
Galactonolactone oxidase Trypanosoma cruzi Q4DPZ5 Pro112 Oxidase’
Glucooligosaccharide oxidase Acremonium strictum Q6PW77 Gly153 Oxidase
Gulonolactone dehydrogenase Mycobacterium tuberculosis 006804 Gly106 Oxidase®
Hexose oxidase Chondrus crispus P93762 Gly136 Oxidase
Isoamyl alcohol oxidase Aspergillus oryzae Q9HGH9 Gly217 Oxidase
Isoamyl alcohol oxidase Fusarium graminearum Q2VLJ1 Gly214 Oxidase
Lactose oxidase Microdochium nivale CAI94231 Gly152 Oxidase
L-galactono-y-lactone dehydrogenase® Arabidopsis thaliana Q8GY16 Ala113f Dehydrogenase
L-galactono-y-lactone dehydrogenase Brassica oleracea 047881 Ala203 Dehydrogenase
L-galactono-y-lactone dehydrogenase Ipomoea batatas Q9ZWJ1 Ala195 Dehydrogenase
L-galactono-y-lactone dehydrogenase Nicotiana tabacum Q9SLW6 Ala198 Dehydrogenase
L-gulono-y-lactone oxidase Scyliorhinys torazame Q90YK3 Gly111 Oxidase
L-gulono-y-lactone oxidase Rattus norvegicus P10867 Gly111 Oxidase
L-gulono-y-lactone oxidase Mus musculus NP_848862 Gly111 Oxidase
Mitomycin radical oxidase Streptomyces lavendulae P43485 Gly118 Oxidase
N-acetylenolpyruvyl glucosamine reductase Escherichia coli P08373 Leu107 Reductase
N-acetylenolpyruvyl glucosamine reductase Staphylococcus aureus P61431 Ala125 Reductase
N-acetylenolpyruvyl glucosamine reductase Streptococcus pneumoniae P65466 Ala122 Reductase
Nectarin 5 Nicotiana langsdorffii x N. sanderae Q84N20 Gly59 Oxidase
p-cresol methylhydroxylase Pseudomonas putida P09788 Ser153 Dehydrogenase
Sorbitol oxidase Streptomyces sp. H-7775 P97011 Gly112 Oxidase
Tetrahydrocannabinolic acid synthase Cannabis sativa Q8GTB6 Gly174 Oxidase
Vanillyl alcohol oxidase Penicillium simplicissimum P56216 Pro169 Oxidase
Xylitol oxidase Streptomyces sp. IKD472 QIKX73 Ala105 Oxidase

@ Dehydrogenases and reductases are indicated in bold

b Reported as cytochrome ¢ dependent, activity with oxygen not determined (Wilkinson et al., 2005)

° Reported as cytochrome ¢ dependent, activity with oxygen not determined (Logan et al., 2007)

d Reported as cytochrome ¢ dependent, activity with oxygen not determined (Wolucka and Communi, 2006)
® Crystals of Arabidopsis thaliana GALDH diffract to 3.5 A

fNumbering according to the mature recombinant protein (Leferink et al., 2008b)
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Figure S7.1. Oxidative half-reaction. Diode array detection of the re-oxidation of substrate-reduced A113G (6 pM)
by molecular oxygen in the stopped-flow apparatus. Spectra were taken every 2.56 ms for 1 s, only selected
spectra are shown. The inset shows the deconvoluted absorption spectra of the re-oxidation of A113G by
molecular oxygen. Two-phases were distinguished, a fast phase (30 s'1) leading to spectrum 2 and a second

slower phase (7 s'1) yielding spectrum 3.
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Chapter 8

Abstract

Trypanosoma cruzi, the aetiological agent of Chagas’ disease, is unable to salvage vitamin C
(L-ascorbate) from its environment and relies on de novo synthesis for its survival. Because
humans lack the capacity to synthesize ascorbate, the trypanosomal enzymes involved in
ascorbate biosynthesis are interesting targets for drug therapy. The terminal step in ascorbate
biosynthesis is catalyzed by flavin-dependent aldonolactone oxidoreductases belonging to the
vanillyl-alcohol oxidase (VAO) protein family. Here we studied the properties of recombinant
T. cruzi galactonolactone oxidoreductase (TcGAL), refolded from inclusion bodies using a
reversed micelles system. The refolded enzyme shows native-like secondary structure and is
active with both L-galactono-1,4-lactone and D-arabinono-1,4-lactone. TcGAL employs a
non-covalently bound FAD as redox-active cofactor, in agreement with its amino acid
sequence. In addition to cytochrome ¢, TcGAL can also use molecular oxygen as electron
acceptor. This is in line with the absence of a recently identified gatekeeper residue that

prevents dehydrogenases of the VAO family from acting as oxidases.

Keywords: flavoprotein; galactonolactone dehydrogenase; inclusion bodies; oxidase; refolding; reversed
micelles; Trypanosoma cruzi; vitamin C

Abbreviations: AOT, bis(2-ethylhexyl)sulfosuccinate; AtGALDH, Arabidopsis thaliana L-galactono-1,4-lactone
dehydrogenase; CD, circular dichroism; DCPIP, 2,6-dichlorophenolindophenol; DMSO, dimethyl sulfoxide; DTT,
dithiothreitol; GSH, reduced glutathione; GSSG, oxidized glutathione; TcGAL, Trypanosoma cruzi
galactonolactone oxidase
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Introduction

Trypanosomatids are protozoan parasites belonging to the order of Kinetoplastida. They
include the medically relevant human parasites 7rypanosoma brucei, T. cruzi and Leishmania
spp., the causative agents of African sleeping sickness, Chagas’ disease and leishmaniasis,
respectively. Together these diseases threat over 30 million people world-wide. Current
treatments are unsatisfactory, since the available drugs have a limited efficacy and exhibit

toxic side effects (http://www.who.int).

During their life-cycles, trypanosomatids are exposed to reactive oxygen species generated
by their own aerobic metabolism and by the hosts immune response. The antioxidant response
in the parasites is distinct from their mammalian hosts and includes targets that may be
exploited therapeutically. Trypanosomes lack catalases and glutathione peroxidases (Irigoin et
al., 2008; Krauth-Siegel and Comini, 2008), and detoxify hydrogen peroxide using a plant-
like ascorbate peroxidase (Wilkinson et al., 2002; Castro and Tomads, 2008). Furthermore,
they possess the unique dithiol trypanothione which is a conjugate of two glutathione
molecules with one molecule of spermidine (Irigoin et al., 2008). The flavoenzyme
trypanothione reductase, which keeps trypanothione in the reduced state, is an essential
enzyme for the parasite as it is the only enzyme that connects hydrogen peroxide
detoxification to NAD(P)H redox biology in these parasites (Krauth-Siegel and Comini,
2008).

Trypanosomes contain significant levels of ascorbate (vitamin C), which is synthesized in
the glycosome, a unique single membrane organelle. Genome analysis has indicated that
ascorbate biosynthesis in trypanosomes is similar to that in plants (Wilkinson et al., 2005;
Logan et al., 2007). Most eukaryotic organisms can synthesize ascorbate to their own
requirements. Humans and other primates, however, have lost this ability during evolution
(Chatterjee, 1973), because the gene encoding the enzyme responsible for the final step is
highly mutated and non-functional (Nishikimi et al., 1994). The trypanosomal enzymes
involved in ascorbate biosynthesis are interesting targets for drug therapy, since the parasites
lack the ability to scavenge ascorbate from the environment, and rely on de novo synthesis for
their survival (Logan et al., 2007; Irigoin et al., 2008).

The terminal step of ascorbate biosynthesis is catalyzed by so-called aldonolactone
oxidoreductases. These enzymes belong to the vanillyl-alcohol oxidase (VAO) flavoprotein
family (Fraaije et al., 1998; Leferink et al., 2008"). Aldonolactone oxidoreductases have been
isolated from various sources including animals, yeasts, fungi and plants. Most aldonolactone
oxidoreductases are oxidases containing covalently bound FAD, while plants utilize a strictly
cytochrome c-dependent galactonolactone dehydrogenase (GALDH) containing non-

covalently bound FAD (Leferink et al., 2008"). The arabinonolactone oxidoreductase
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(TbALO) from T. brucei and galactonolactone oxidoreductase (TcGAL) from T. cruzi have
been isolated and characterized to some extent (Wilkinson et al., 2005; Logan et al., 2007).
Both enzymes were annotated as oxidases, but the activity with molecular oxygen has never
been established. Instead, cytochrome ¢ was used as electron acceptor in the activity assays
(Wilkinson et al., 2005; Logan et al., 2007). TcGAL and TbALO were reported to contain
FMN rather than FAD as redox-active cofactor (Logan et al., 2007). Nevertheless, the PP loop
for FAD binding (Fraaije et al., 1998) is in both enzymes conserved (Fig. 8.1).

In this research we have investigated the cofactor, substrate and electron acceptor
specificity of recombinant TcGAL, refolded from inclusion bodies using an AOT-isooctane
reversed micelles system. In contrast to an earlier report (Logan et al., 2007), we found that
TcGAL employs a non-covalently bound FAD as redox active cofactor, in agreement with its
amino acid sequence. Furthermore, we established that TcGAL can use molecular oxygen as

efficient electron acceptor.

Materials and Methods

Chemicals - FAD, FMN, L-galactono-1,4-lactone, D-arabinono-1,4-lactone, bovine heart
cytochrome ¢, 1,4-benzoquinone and bis(2-ethylhexyl)sulfosuccinate (AOT) were from
Sigma-Aldrich (St Louis, MO, USA). 2,6-Dichlorophenolindophenol (DCPIP) was from
Merck (Darmstadt, Germany). Mini-Complete protease inhibitor was from Roche Molecular
Biochemicals (Mannheim, Germany). Restriction endonucleases, T4-DNA ligase and dNTPs
were purchased from Invitrogen (Carlsbad, CA, USA). Pfu DNA polymerase was obtained
from Fermentas GmbH (St. Leon-Rot, Germany). Oligonucleotides were synthesized by
Eurogentec (Liege, Belgium). All other chemicals were from commercial sources and of the

purest grade available.

Recombinant expression of tagged TcGAL - The pTrcHisC vector containing the TcGAL gene
(from 7. cruzi X10/6 clone) N-terminally fused to a Hise-tag, XpressTM epitope and
enterokinase cleavage site (Logan et al., 2007), was kindly provided by prof. M.W. Fraaije
(University of Groningen). The plasmid was electroporated into E. coli TOP10, BL21(DE3)
and Rosetta(DE3) electrocompetent cells for recombinant expression. For enzyme production
E. coli cells, harboring the pTrcHisCTcGAL plasmid, were grown in Luria-Bertani (LB)
medium supplemented with 100 pg/ml ampicillin until an ODgoy of 0.6 was reached.
Expression was induced by addition of 0.4 mM isopropyl-thio-B-D-galactopyranoside and the
incubation was continued for an additional 3 h at 37°C, 6 h at 37°C, overnight at 28°C or for 3
days at 20°C.
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Re-cloning of native TcGAL - To remove the large non-native N-terminal tag, the TcGAL
gene was re-cloned into a modified pBAD-vector. An Ndel restriction site in the TcGAL gene
was first removed using the QuikChange II site-directed mutagenesis method (Stratagene, La
Jolla, CA, USA) using pTrcHisCTcGAL as a template. The primers used are TcGAL-qcf (5°-
GCT TCG ATG TGT TCC GTC GTA CGT ACT CAC GAC GAT TGC TG- 3’) and
TcGAL-qer 5°-CAG CAA TCG TCG TGA GTA CGT ACG ACG GAA CAC ATC GAA
GC-3’), changed nucleotides are underlined. Successful mutagenesis was confirmed by
digestion with Ndel. The native TcGAL gene was amplified from the mutated
pTrcHisCTcGAL vector by PCR using the oligonucleotides TcGAL-f (5°-GGA ATT CCA
TAT GCG TTG TGA CGT TTC CAT GCG GC-3’) introducing a new Ndel restriction site
(underlined), and TcGAL-r (5’-CCC AAG CTT ACA AAT GAC TAT TGG TGC TG-3’),
introducing a HindlIIl restriction site (underlined). The amplified fragment was cloned
between the Ndel and Hindlll restriction sites of a modified pBAD/Myc-HisA expression
vector, kindly provided by prof. M.W. Fraaije (University of Groningen). A stop-codon was
introduced in the reverse primer to prevent fusion to the myc epitope and Hise-tag present in
the pBAD vector. The resulting pBAD-TcGAL construct was verified by automated
sequencing of both strands and electroporated into E. coli TOP10 electrocompetent cells for

recombinant expression.

Recombinant expression and purification of native TcGAL - For enzyme production, E. coli
BL21(DE3) cells harbouring the pBAD-TcGAL plasmid, were grown in LB medium
supplemented with 100 pg/ml ampicillin until the ODggo reached ~0.6. Expression of TcGAL
was induced by addition of 0.02% L-arabinose and the incubation was continued for 16 h at
28°C. The cells were harvested and resuspended in 50 mM Tris-HCI, 5 mM dithiothreitol
(DTT), pH 7.4, supplemented with 1 tablet of mini-Complete protease inhibitor, 10 mM
MgCl, and DNase I and subsequently passed twice through a pre-cooled French Pressure cell
(SLM Aminco, SLM Instruments, Urbana, IL, USA) at 10 000 psi. The resulting homogenate
was centrifuged at 25000 g for 30 min at 4°C and the insoluble inclusion bodies were
collected. The soluble extract was loaded onto a HiLoad 26/10 Q-Sepharose FF column
(Pharmacia Biotech, Uppsala Sweden) equilibrated with 50 mM Tris-HCI, 5 mM DTT, pH
7.4. Proteins were eluted with a linear gradient of NaCl (0-0.5 M) in the same buffer. The
TcGAL activity was collected in the flow-through, pooled and applied onto a Ceramic
hydroxyapatite XK 26/11 (Pharmacia Biotech) column equilibrated with 25 mM sodium
phosphate, 5 mM DTT, pH 6.5. Proteins were eluted with a gradient of sodium phosphate
(25-500 mM). Again all the TcGAL activity was collected in the flow-through. The active
fractions were pooled and brought to 20% ammonium sulfate saturation and applied onto a
Phenyl-Sepharose CL-4B (Pharmacia Biotech) column equilibrated with 50 mM sodium
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phosphate, 5 mM DTT, 20% ammonium sulphate saturation, pH 7.4. Proteins were eluted

with a linear gradient of ammonium sulfate (20-0%) in the same buffer.

Isolation and refolding of TcGAL inclusion bodies - The insoluble material collected after cell
lysis was washed with 6% Triton X-100 containing 60 mM EDTA and 1.5 M NaCl, pH 7.0
and dissolved in 6 M guanidinium hydrochloride as described (De Bernardez Clark et al.,
1999). Subsequently, the denaturant was removed by dialysis against 10 mM sodium
phosphate, 1 mM DTT, pH 8.0. A final dialysis step was performed against 10 mM sodium
phosphate, pH 7.2 to remove excess DTT. After dialysis a turbid suspension of aggregated
protein was obtained. This suspension was added to the reversed micelles system, 0.4 M AOT
in isooctane, and shaked intensively. The hydration degree, wy, was varied in the range 20-35
by adding different amounts of 10 mM sodium phosphate, pH 8.5. Oxidized and reduced
glutathione solutions (10 mM GSSG and 30 mM GSH) in 10 mM sodium phosphate, pH 8.5
were mixed and an aliquot of 100 pl was added to 1 ml of 0.4 M AOT solution in isooctane.
Refolding of the enzyme was initiated by mixing 1 volume of micellar solution containing
glutathiones with 3 volumes of TcGAL micellar solution and an aliquot (10 pl per ml) of
FAD or (FMN) cofactor solution in water (10-fold molar excess to enzyme concentration).
The resultant solution was shaked for 10 minutes yielding a transparent TcGAL containing
system. The final micellar protein concentration was 1-2 mg/ml depending on the surfactant

hydration degree.

Protein analysis - SDS-PAGE was performed using 12.5% acrylamide slab gels essentially as
described by Laemmli (Laemmli, 1970). Proteins were stained with Coomassie Brilliant Blue
R-250. Total protein concentrations were estimated using the Bradford protein assay from
BioRad with BSA as standard. Desalting or buffer exchange of small aliquots of enzyme was
performed with Bio-Gel P-6DG columns (Bio-Rad).

Thin-layer chromatography (TLC) - The identity of the flavin cofactor of the soluble TcGAL
preparation was determined by TLC. The flavin was extracted with a solvent mixture
consisting of butanol/acetic acid/water (5:3:3). Extracted flavin and the reference compounds
FAD, FMN and riboflavin were applied onto a Baker-flex silica-gel IB2 TLC plate (JT Baker,
Inc., Phillipsburg, NY, USA). Butanol/acetic acid/water (5:3:3) was used as mobile phase.

Fluorescent spots were visualized by UV light.
TcGAL and AtGALDH activity in aqueous solution - TcGAL and AtGALDH activity in

aqueous solution was routinely assayed by following the reduction of cytochrome ¢ at 550 nm

(Leferink et al., 2008"). Initial velocities were calculated using a molar difference absorption
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coefficient (Aessg) of 21 mM'cm™! for reduced minus oxidized cytochrome c¢. One unit of
enzyme activity is defined as the amount of enzyme that oxidizes 1 pmol of substrate per min,
which is equivalent to the reduction of 2 pmol of cytochrome ¢ (Oba et al., 1995).
Alternatively, GALDH activity was measured with the artificial electron acceptor, 1,4-
benzoquinone (&390 = 2.3 mM”em™) (Leferink et al., 2008°). For the determination of kinetic
parameters, the concentration of lactone substrate was varied in the range from 5 uM to 2 mM

with a constant 1,4-benzoquinone concentration of 1 mM.

TcGAL and AtGALDH activity in reversed micelles - A solution of 0.1 M AOT in isooctane
was used for the preparation of the reversed micelles system. The particle size distribution of
AOT reversed micelles is narrow, i.e. uniformed micelles of equal size are formed at each
surfactant hydration degree (Kohling et al., 2002). The hydration degree of the micelles (wy =
[H,O]/[AOT]) was varied over the range of 12 to 40 by addition of corresponding amounts of
25 mM sodium phosphate, pH 7.2. The inner cavity radius of the micelles r, in A, can be
calculated using the empirical equation (Levashov and Klyachko, 2001):

Im= 1.5wog+4 (eq. 8.1)

which holds for all enzyme-containing reverse micellar systems studied (Levashov and
Klyachko, 2001; Kohling et al., 2002; Klyachko and Levashov, 2003).

It has been shown previously that due to strong association with the AOT interface (Pileni
et al., 1985), the secondary structure of cytochrome c is lost in AOT-reversed micelles (Vos et
al., 1987). Thus, TcGAL activity in AOT-reversed micelles was measured by following the
reduction of the artificial electron acceptor 1,4-benzoquinone. The TcGAL activity in
reversed micelles was measured at pH 7.2, since at higher pH values the auto-oxidation of
1,4-benzoquinone is significant (Frébortova et al., 2004). The oxidase activity of TcGAL in
AOT-reversed micelles was determined by measuring the formation of ascorbic acid through
its reaction with DCPIP. The absorption maximum and corresponding molar absorption
coefficient of DCPIP in reversed micelles of AOT in isooctane at pH 7.2 (&s35 = 11.5
mM™em™) are different compared to that in water (g600 = 20.6 mMem™) (Klyachko et al.,
2005).

The homologous AtGALDH (Leferink et al., 2008") served as a control for the reaction
with 1,4-benzoquinone. A113G AtGALDH, which in contrast to wild-type AtGALDH shows
high oxidase activity (Leferink et al., 2009), was used as a control for the measurement of the
oxygen reactivity of TcGAL in the reversed micelles system.

In a typical kinetic experiment, solutions of D-arabinono-1,4-lactone (in the case of
TcGAL) or L-galactono-1,4-lactone (in the case of wild-type AtGALDH and A113G
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AtGALDH) in water and 1,4-benzoquinone in DMSO or DCPIP in ethanol were solubilized
ina 0.1 M AOT solution in isooctane by intensive shaking. The final concentrations were 1
mM for 1,4-benzoquinone and 100 uM for DCPIP. The reaction was initiated by addition of
20 pl TcGAL micellar system, containing 0.4 M AOT in isooctane (wo = 30). The background
rate for non-enzymatic decomposition of 1,4-benzoquinone was subtracted from the reaction
rate measured in the presence of enzyme. In case of DCPIP, the background rate for the non-
enzymatic reaction was negligible. To determine kinetic parameters, the concentration of
lactone substrate was varied in the range from 5 uM to 2 mM. The activity of TcGAL in
reversed micelles followed Michaelis-Menten kinetics. Ky, and Vyax were calculated using

nonlinear regression data analysis.

Circular dichroism - CD spectra were recorded with a Jasco-715 spectropolarimeter at 20°C
in 1 mm pathlength quartz cuvettes. The CD spectra were measured in both AOT reversed
micelles (0.04 M AOT, 10 mM sodium phosphate, pH 7.2, wy = 28; TcGAL and AtGALDH)
and in aqueous solution (10 mM sodium phosphate, pH 7.2; AtGALDH). Since AOT has high
absorbance in the far-UV region, for CD measurements its concentration has to be as low as
possible. At 0.04 M AOT it was possible to obtain good quality spectra in the wavelength
range 195-260 nm, which enabled quantitative secondary structure analysis. The protein
concentrations were 0.05 to 0.1 mg/ml. The percentage of secondary structure elements was

estimated using CDNN software (http://bioinformatik.biochemtech.uni-halle.de/cdnn).

Results

Sequence analysis - The mature TcGAL protein contains 505 amino acid residues and has a
theoretical mass of 56 740 Da. The TcGAL used in this study, originating from 7. cruzi clone
X10/6 (Logan et al., 2007), shows 97% sequence identity to the TcGAL sequence in the
database (7. cruzi genome reference strain CL Brener, GeneDB accession number
Tc00.1047053509179.100). TcGAL shows 28%, 23% and 21% sequence identity, and 51%,
46% and 46% similarity to gulonolactone oxidase from Rattus norvegicus, arabinonolactone
oxidase from Saccharomyces cerevisiae and GALDH from Arabidopsis thaliana,
respectively. The TcGAL protein contains a relatively large number of 15 cysteine residues,
compared to the 5 cysteines present in GALDH from A. thaliana (AtGALDH).

Multiple sequence alignment of the N- and C-terminal parts of the FAD-binding domains
of various aldonolactone oxidoreductases (Fig. 8.1), shows that residues specifically
interacting with the pyrophosphate and adenine parts of the FAD-cofactor are conserved in

TcGAL. Furthermore, a gatekeeper residue preventing oxidase activity similar to Alall3 in
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AtGALDH (Leferink et al., 2009) is absent in TcGAL, suggesting that the enzyme can use

molecular oxygen as electron acceptor.

TcGAL  (21)BRECHHECE IR ABMRR L KORCERCEACARKEENA C T FibE TSRS BN 1 i S ClE - - - -
TPALO  (21)|@gKHHYjENT SSIIRVINSHGERC GEKEIZNS C T FINNG HIRBSIURNANST T S TREK - - ——
ScALO  (22)|gERYF@ESEI DAy vERVIISAR L EKSLV T|Yes VN NIDKWOKFVEY PELH
RNGUO  (20) gEVYY@IRTE REVLALAREQKKKVKIAeCler§2S DT ACRG FMIBENIGK QK————
GALDH (21) TRNEN@®FFNLADLEARVEESHEKK LRI rYese BaNG T GL.SRSGMVNLA LMDK\ARE\YRKIE - — - -
Consensus ssG.s
Pyrophosphate
*

TCGAL FEKCEN RCV PRy vL T TEEAMCHAMEeRe TN TR S LED viAYE T ViBEDE s
TbALO FlaRI#S AHDIVIBRCV PRFVO TIYCle Vi~ N jislS e TR S R S0 CiayRiloMYDe
ScALO N FCAKEY S TONLGET SEQS\RE T SiEs|EEE S P v HG Ligs S8 vyl T TINEK
RnGUO  KKONGAV:Ne 1jihl [0} Ol DE HEil A M SINLGAV S DV iRYgNe Vil G Sz T(e T KHG T LATOMAYAM T#MT A D
GALDH KKRVIYOINETRVOOMVDAIKDYE@THONFARIREQOT CETiOVieA @€~ R P PHDEGYT SMKIRT PAK

Consensus sshG s.s
ADP Isoalloxazine

OVANTOAFEK (282) BLOLINNNANED DL, DWWKS

TcGAL RKEIAS - TIENE L Sipa ( ) (
TbALO  IMHTFINN-TIEKE LSS SEANRE . EK (298) 3L L FIRSAIMNEEG GWENS (
ScALO KELIYAEND E:EK AL 1SVEeKIleT T SIR\IEP(BOO)RKIDN ANKQWA (
QAR C ( ) (

GieG ( ) (

)
)
)
RnGUO VLECSEBJRNAD IILTVARMOC\YP (230
GALDH GTIELSREKDEEL HimZ AENVARREC\YA (293

Consensus shh
Adenine

Figure 8.1. ClustalWW multiple sequence alignment (Thompson et al., 1994) of the FAD-binding domains of
TcGAL and related aldonolactone oxidoreductases. Identical residues are shaded in black, similar residues are
shaded in gray. The consensus of conserved residues specifically interacting with parts of the FAD cofactor is
shown under the alignment (s, small: G,A,S,T; h, hydrophobic: I,.L,V, -, any residue) (Fraaije et al., 1998). The
asterisk (*) marks the residue that determines the oxygen reactivity (Leferink et al., 2009). The number of
residues present in gaps in the sequence and at the termini are indicated in parentheses. The accession numbers
used are: TcGAL, Q4DPZ5; TbALO, Q57ZU1; ScALO, P54783; RnGUO, P10867; GALDH, Q8GY16.
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Expression and purification of recombinant TcGAL - Expression of TcGAL from the
pTrcHisCTcGAL plasmid yielded insoluble inclusion bodies, despite the use of different
E. coli strains and induction temperatures (see Materials and Methods). Using L-galactono-
1,4-lactone and cytochrome ¢ as substrates, no TcGAL activity could be detected, neither in
the absence or the presence of FAD or FMN. We argued that the presence of a large non-
native tag of 44 amino acids fused to the N-terminus of TcGAL might hamper proper folding
of the recombinant protein. Therefore, we re-cloned the TcGAL gene without any tag into the
pBAD expression system. The recombinant expression of native TcGAL from the pBAD-
TcGAL vector in E. coli yielded, at best, a mixture of soluble protein and insoluble inclusion
bodies (Fig. 8.2). Using cytochrome c as electron acceptor, TcGAL activity was confirmed in
the crude E. coli extract for L-galactono-1,4-lactone (0.10 U mg"') and p-arabinono-1,4-

lactone (0.23 U mg™). The insoluble inclusion bodies did not contain flavin and were inactive.
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Soluble TcGAL could be purified to a large extent (Fig. 8.2), but with considerable loss of
enzyme activity (Table 8.1). Changing the order of purification steps did not improve the
outcome. Thin-layer chromatography of the flavin released from the partially purified TcGAL
preparation yielded a retention behaviour similar to that of commercial FAD, and quite
different from FMN, with R¢ values of 0.25, 0.32 and 0.52, for the TcGAL cofactor, FAD and
FMN, respectively.

1 2 3 4 5 6 kDa
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Figure 8.2. SDS-PAGE analysis of the expression and purification of soluble TcGAL in E. coli. TOP10 cells
harbouring the pBAD-TcGAL plasmid were induced with 0.02% L-arabinose for 16 h at 28°C. Lane 1, soluble
crude extract; lane 2, insoluble fraction (inclusion bodies); lane 3, LMW marker; lane 4, Q-sepharose pool; lane 5,
hydroxyapatite pool; lane 6, phenyl-sepharose pool. The predicted molecular mass of native TcGAL is 56.7 kDa.

Table 8.1. (Partial) purification of soluble TcGAL expressed in E. coli. The activity was determined using 1 mM
D-arabinono-1,4-lactone and 50 pM cytochrome c as substrates in potassium pyrophosphate, pH 8.8 (/ = 25 mM).

Step Protein Activity Spec. activity Yield
(mg) ) (Umg™) (%)
Cell extract 782 177 0.23 100
Q-Sepharose 469 234 0.50 132
Hydroxyapatite 57 186 3.26 105
Phenyl sepharose 16 19 1.19 11

Refolding of TcGAL inclusion bodies using reversed micelles - To obtain soluble and active
TcGAL from inclusion bodies we applied a recently developed approach based on reversed
micelles (Vinogradov et al., 2003). In reversed micelles each protein molecule is localized in
an individual, tailor-made compartment, thus minimizing the possibility of side-reactions,
such as aggregation, disulfide cross-linking, etc. A refolding reversed micelle approach has
been successfully implemented with Fusarium galactose oxidase and Stigmatella aurantiaca
putative galactose oxidase (Vinogradov et al., 2003).
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For refolding of TcGAL, isolated inclusion bodies were first unfolded in 6 M guanidinium
hydrochloride. Removal of the unfolding agent resulted in a turbid suspension. This
suspension was injected into the water-AOT-isooctane micellar system containing a high
concentration of AOT (0.4 M) to allow maximal protein solubilization. According to the
relation: wo = [H2O]/[AOT], at an AOT concentration of 0.4 M, 216 ul of aqueous phase
(containing the protein inclusion bodies) should be added per each ml of micellar system to
form a hydration degree wy= 30 with a resultant enzyme concentration of 1-2 mg/ml.

Addition of inclusion bodies to the micellar system yielded a slightly turbid solution,
indicating that the protein is still mis-folded and partially aggregated. Incubation with a
mixture of reduced and oxidized glutathione (GSH/GSSG 3:1) (Sakono et al., 2004) during
10-15 minutes and subsequent saturation with FAD (or FMN) solubilized the protein
completely and a fully transparent solution was obtained. This micellar enzyme system was

used in subsequent experiments for kinetic and spectral characterization.

Catalytic properties of refolded TcGAL - It has been shown for a number of different enzymes
that they are optimally active in reversed micelles at a wy where the inner radius of the micelle
is equal to that of the entrapped protein: renzyme = Imicelle- It 1S believed that under these
conditions the surfactant shell works like a molecular chaperone, re-adjusting and supporting
the native protein conformation (Levashov and Klyachko, 2001). In case of enzymes existing
in different oligomeric forms the activity profiles show several optima, where each of these
optima reflects different oligomeric forms of the enzyme (Levashov and Klyachko, 2001).

To quantify and optimize the yield of active enzyme, the catalytic activity of solubilized
and refolded TcGAL in the reversed micelles system was measured as a function of wy of the
micelles. The activity of TcGAL in the reaction with D-arabinono-1,4-lactone and 1,4-benzo-
quinone in dependence of wy is presented in Fig 8.3A. Two optima of TcGAL activity are
observed at wy values of 22 and 27, which can be tentatively assigned to the monomeric and
dimeric forms of TcGAL, respectively. From preliminary 3D modeling experiments (not
shown) we could judge that TcGAL as well as AtGALDH have a non-spherical shape with
subunit dimensions of approximately 47 x 60 x 73 A. For proteins with a non-spherical shape
the inner radius of the micelles, 7, is equal to the maximal protein radius (half the length of
the longest dimension of the protein), r,. Thus, the r, value for each oligomeric form can be
estimated with the position of the activity optimum (wg) using the empirical equation
(Levashov and Klyachko, 2001):

rp=rm(A)= 15wy +4 (eq. 8.2)
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From this equation and the data in Fig. 8.3A it follows that TcGAL has a r, = 37 A at wo= 22
and 7, = 46 A at wo= 28. This indeed suggests the accommodation of monomeric and dimeric
TcGAL in the AOT reversed micelles at hydration degrees of 22 and 28, respectively. The
activity level of monomeric TcGAL is slightly higher (by 20%) compared to the dimer; the
K., values for D-arabinono-1,4-lactone are similar, 0.22 mM for wo = 20 and 0.25 mM for wy

=27, respectively.
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Figure 8.3. Catalytic activity of TcGAL and AtGALDH in AOT reversed micelles. A) Activity of TcGAL with
D-arabinono-1,4-lactone, B) Activity of AtGALDH with L-galactono-1,4-lactone. The maximal activity was
determined as a function of the hydration degree (wp) of the reversed micelles. Experimental conditions: AOT
(0.1 M), 1,4-benzoquinone (2.3 mM), 25 mM sodium phosphate, pH 7.2 and varying concentrations of lactone
substrate. Kinetic parameters have maximal error values of 20%.

TcGAL is also active with molecular oxygen (aerated buffer) in the absence of alternative
electron acceptors. In the reaction with molecular oxygen, a similar profile of TcGAL activity
as a function of wy of the reverse micelles was observed. The specific activity with molecular
oxygen is 2-3 times lower than that in the presence of 1,4-benzoquinone (4.4 and 3.75 U mg”,
versus 11 and 9 U mg" at wo = 22 and wo = 27, respectively), while the K;, value for
D-arabinono-1,4-lactone is comparable to the reaction in the presence of 1,4-benzoquinone
(0.2 mM at both wo =22 and wy= 27). No TcGAL activity could be detected (neither in the

130



Vitamin C biosynthesis in T. cruzi is completed by a FAD-dependent oxidase

reaction with 1,4-benzoquinone nor with molecular oxygen) when the enzyme was refolded in
the presence of FMN. Thus, refolding of TcGAL inclusion bodies in reversed micelles only
yields active protein in the presence of FAD and not FMN.

Interestingly, AtGALDH showed a similar activity profile in the reversed micelles system.
The activity optima of AtGALDH are observed at wy values of 23 and 28, indicating the
formation of monomeric and dimeric species as observed with TcGAL. In contrast to TcGAL,
the activity of AtGALDH at wy = 20 is 25% lower than at wy, = 28. The K,, values of
AtGALDH for L-galactono-1,4-lactone are in the range of 0.20-0.22 mM and practically do
not change in the range of wy from 18 to 35.

In aqueous solution, pH 7.2, AtGALDH shows the following kinetic parameters with
L-galactono-1,4-lactone as the variable substrate and 1,4-benzoquinone as electron acceptor:
keat = 100 £ 10 s and Kn=0.18 mM, in good agreement with previous results (Leferink et
al., 2008”). The activity level of AtGALDH in reverse micelles at optimal hydration degrees
(wo = 23 and 28) is of the same order compared to aqueous solution and the K,, value for
L-galactono-1,4-lactone differs only slightly (0.20-0.22 mM). Thus, solubilization of
AtGALDH in reversed micelles does not significantly change the catalytic properties of the
enzyme.

Refolded TcGAL is less active than AtGALDH. Refolding TcGAL from inclusion bodies
yielded approximately 15-20% of the enzymatic activity as compared to the activity of
AtGALDH (Figure 8.3).

Circular dichroism - The CD spectra of TcGAL solubilized in reversed micelles are presented
in Fig. 8.4, together with the CD spectra of AtGALDH in reversed micelles and in aqueous
solution. The CD spectra of TcGAL in reversed micelles and AtGALDH in aqueous solution
have very similar profiles. Both spectra show positive extremes around 195 nm and negative
extremes of nearly equal intensity at 210 and 222 nm. The CD spectrum of AtGALDH in
reverse micelles (Fig. 8.4B) has a somewhat different shape, the intensity at 210 nm is higher
compared to that at 222 nm. This apparent difference in secondary structure content can be
explained by FAD cofactor release upon solubilization of AtGALDH in the micellar system.
Solubilization of AtGALDH in the presence of excess FAD resulted in recovery of
AtGALDH structure in micelles (Table 8.2). On the other hand, apo-TcGAL solubilized in
reverse micelles also shows a decreased a-helix content (by 2-3%) as compared to the holo-
form of TcGAL. Quantitative analysis of the CD spectra showed that the secondary structure
of both enzymes (in holo-form) is characterized by a high o-helix content (Table 8.2),
consistent with the structural properties of VAO family members (Mattevi et al., 1997; Fraaije
et al., 1998). Together with the activity studies this clearly demonstrates the formation of

native TcGAL structure upon refolding in reverse micelles.
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6 Figure 8.4. Circular dichroism spectra of TcGAL and
A AtGALDH. A) TcGAL in AOT reversed micelles, B)
AtGALDH in AOT reversed micelles, C) AtGALDH in 25
2+ mM sodium phosphate, pH 7.2. Experimental
conditions: AOT (0.04 M), 10 mM sodium phosphate
buffer, pH 7.2, 20°C. Protein concentrations were 0.05-

-2 0.1 uM.
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Discussion

In this work we have studied the substrate, cofactor and electron acceptor specificity of the
recently discovered enzyme TcGAL (Logan et al., 2007). TcGAL completes ascorbate
biosynthesis in 7. cruzi parasites, which are unable to scavenge ascorbate from their

environment.
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Table 8.2. Secondary structure parameters determined from CD experiments for TcGAL inclusion bodies refolded
in AOT reversed micelles. The same parameters determined for AtGALDH in aqueous solution and in reverse
micelles (in the absence and presence of the excess FAD) are presented as a reference. Experimental
conditions: 0.04 M AOT, 10 mM sodium phosphate buffer, pH 7.2. Protein concentrations were 0.05 to 0.1 mg/ml.

TcGAL AtGALDH AtGALDH AtGALDH + FAD
Secondary structure element in micelles in buffer in micelles in micelles
% % % %
a-helix 33.1 32.4 291 31.3
B-sheets (antiparallel) 8.6 8.1 12.8 9.7
B-sheets (parallel) 8.9 9.1 9.2 9.3
beta-turn 16.6 16.8 17.9 17.7
loops 34.0 35.4 31.7 31.8

Recombinant expression of tagged TcGAL from the pTrcHisC vector in E. coli yielded
inactive inclusion bodies. In contrast, expression of native TcGAL from the pBAD-TcGAL
vector yielded a mixture of active soluble protein and inactive inclusion bodies. Purification
of soluble TcGAL was hampered by considerable loss of activity. Possibly, the native enzyme
requires disulfide bridges, which are unlikely to be formed in the reducing environment of the
E. coli cytoplasm (Baneyx and Mujacic, 2004).

To obtain correctly folded active protein, TcGAL inclusion bodies were solubilized and
refolded using an AOT-isooctane reversed micelles system. The important advantage of this
approach is that upon solubilization each enzyme molecule is accommodated in an
“individual compartment”. The possibility to “isolate” each protein molecule minimizes side
processes of protein folding, such as aggregation and intermolecular disulfide bond formation.
The abovementioned suggestion that native TcGAL requires disulfide bridges is supported by
the fact that refolding of TcGAL in reversed micelles requires the presence of a redox system
consisting of a mixture reduced and oxidized glutathione (GSH:GSSG). The refolded TcGAL
protein shows native-like secondary structure with an a-helix and -sheet content very similar
to that of AtGALDH in both aqueous solution and in the micellar system. The high a-helix
content of TcGAL is consistent with the structural properties of other VAO family members
(Mattevi et al., 1997; Fraaije et al., 1998).

Both TcGAL and AtGALDH show two activity optima in reversed micelles, depending on
Wwo, presumably corresponding to the monomeric and dimeric forms of the enzymes. It is,
however, expected that both enzymes function as momomers, since for AtGALDH no dimer
formation was observed in aqueous solution (Leferink et al., 2008).

Previously, TcGAL was annotated as a galactonolactone oxidase, but the activity with
molecular oxygen was never demonstrated. We found that, besides cytochrome ¢ and
1,4-benzoquinone, TcGAL can also use molecular oxygen as electron acceptor. The reactivity
with molecular oxygen is in accordance with the fact that TcGAL lacks a recently identified

gatekeeper residue that prevents dehydrogenases of the VAO family from acting as oxidases
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(Leferink et al., 2009). This gatekeeper residue is situated near the C4a locus on the flavin re-
side, opposite of the substrate binding site, and likely prevents oxygen access to the reduced
flavin. Replacement of the corresponding residue in AtGALDH (Alal13) into a Gly results in
a catalytically competent oxidase (Leferink et al., 2009).

In line with previous reports (Wilkinson et al., 2005; Logan et al., 2007), we found that
TcGAL can oxidize both L-galactono-1,4-lactone and D-arabinono-1,4-lactone, with a slight
preference for the latter substrate. The preference of TcGAL and TbALO for D-arabinono-
1,4-lactone discriminate the Trypanosomal enzymes from GALDH from plants, which show a
clear preference for L-galactono-1,4-lactone. Despite the preference of TcGAL and TbALO
for D-arabinono-1,4-lactone, genome analysis suggests that ascorbate biosynthesis in
Trypanosomes proceeds via L-galactose and L-galactono-1,4-lactone (Wilkinson et al., 2005).

TcGAL has been reported to contain non-covalently bound FMN as redox-active cofactor
(Logan et al., 2007). However, the trichloroacetic acid precipitation used to release the flavin
cofactor promotes the acid catalyzed hydrolysis of FAD (Aliverti et al., 1999). Here we
showed that soluble recombinant TcGAL employs a non-covalently bound FAD as redox
active cofactor, and that the refolding of TcGAL inclusion bodies in reversed micelles only
yields active protein in the presence of FAD and not FMN. Recently, also for another VAO
family member, the glycopeptide hexose oxidase Dbv29, an FMN cofactor was identified (Li
et al., 2007). The method used to release the cofactor is, however, not clear.

In conclusion, using an AOT-isooctane reversed micelles system we were able to obtain
TcGAL in active form and investigate its secondary structure and catalytic properties. In
contrast to an earlier report (Logan et al., 2007), we found that TcGAL employs a non-
covalently bound FAD as redox active cofactor, in agreement with its amino acid sequence.
Recombinant TcGAL oxidizes both L-galactono-1,4-lactone and D-arabinono-1,4-lactone

using different electron acceptors, including molecular oxygen.
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Chapter 9

Carbohydrate oxidoreductases

Oxidoreductases are attractive biocatalysts because of their intrinsic (enantio-)selectivity and
catalytic efficiency, which are often difficult to achieve by conventional chemical approaches.
The discovery of new oxidoreductases together with novel insights into their catalytic
mechanisms will increase the biocatalytic potential for application of these enzymes.

Chapter 1 of this thesis gives an introduction to flavoprotein carbohydrate
oxidoreductases. These enzymes are valuable biocatalysts that can be used for diagnostic
applications and in the food- and drinks industry (van Hellemond et al., 2006). Up to now,
most carbohydrate oxidoreductases have been isolated from fungi. Extensive genome analysis
revealed that also plants are a potentially rich source of carbohydrate oxidoreductases. These
enzymes are, for example, involved in maintenance of the plant cell wall, active defence
through the production of hydrogen peroxide, and the biosynthesis of L-ascorbic acid
(vitamin C).

This thesis describes the characterization and redesign of the vitamin C producing enzyme
L-galactono-y-lactone dehydrogenase (GALDH) from the model plant Arabidopsis thaliana.
The results presented provide a firm basis for the design of suitable biocatalysts that can be
used for the biotechnological production of vitamin C or other carbohydrates with modified

properties, as an alternative for the currently applied chemical methods.

The VAO flavoprotein family

GALDH and its related enzymes belong the vanillyl-alcohol oxidase (VAO) family of
flavoproteins. VAO-members have a characteristic two-domain folding topology with a
conserved N-terminal FAD-binding domain and a less conserved C-terminal cap-domain that
determines the substrate specificity. The active site is located at the interface of the domains
(Fraaije et al., 1998). Chapter 2 gives an overview of the growing VAO flavoprotein family,
the catalytic properties of some recently discovered members are described. The VAO-fold is
a versatile fold, allowing a wide variety of reactions to be catalyzed. The VAO family
includes members that are involved in carbohydrate metabolism, lignin degradation, and the
synthesis of antibiotics and plant alkaloids. A remarkable feature of the FAD-binding module
of the VAO family is that it favors the covalent attachment of the flavin cofactor. Different
covalent flavin-protein linkages can be identified within this family. Among the recently
discovered members are the histidyl-FAD enzymes alditol oxidase (AldO) from Streptomyces
coelicolor and eugenol oxidase (EUGO) from Rhodococcus sp. RHAI, the bi-covalent FAD
enzyme chitooligosaccharide oxidase (ChitO) from Fusarium graminearum, and the non-

covalently bound FAD enzyme galactonolactone oxidase from Trypanosoma cruzi (TcGAL).
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AldO and ChitO are carbohydrate oxidases acting on carbohydrate alcohols and
chitooligosaccharides, respectively. EUGO is a bacterial VAO-homolog that is active with
4-alkylphenols. TcGAL is a trypanosomal GALDH homolog that catalyzes the oxidation of
both L-galactono-1,4-lactone and D-arabinono-1,4-lactone using cytochrome c as electron
acceptor. The VAO family is a rapidly growing family, and the increasing availability of

genome sequences suggests that many more members are to be discovered in the near future.

L-Galactono-y-lactone dehydrogenase from Arabidopsis thaliana

GALDH is an essential enzyme for the plant, besides producing vitamin C, it is involved in
the correct assembly of respiratory complex I and the proper functioning of plant
mitochondria (Alhagdow et al., 2007; Pineau et al., 2008). Although GALDH was already
isolated from the mitochondria of cauliflower florets in 1958 (Mapson and Breslow, 1958), up
to now the biochemical properties of this enzyme remain poorly characterized. Chapter 3
presents the first biochemical characterization of recombinant GALDH from the model plant
Arabidopsis thaliana. We found that GALDH oxidizes, in addition to its natural substrate
L-galactono-1,4-lactone, also the animal precursor L-gulono-1,4-lactone using cytochrome c
as electron acceptor, while it reacts poorly with molecular oxygen. In a subsequent study (see
chapter 4) we demonstrated that also D-arabinono-1,4-lactone is oxidized by GALDH at
relatively high rate, but the enzyme has a relatively high K, for this substrate, indicating that
the length and stereochemistry of the side-chain is important for proper binding and aligning
of the substrate.

Unlike most flavoprotein dehydrogenases, GALDH forms a flavin N5 sulfite adduct, and
anaerobic photoreduction involves the transient stabilization of the red anionic flavin
semiquinone. Both properties are indicative for the presence of positive charges in the active
site (Lederer, 1978; Fraaije and Mattevi, 2000). Most aldonolactone oxidoreductases contain a
histidyl-FAD as a covalently bound prosthetic group, GALDH lacks the histidine involved in
covalent FAD binding, but contains a leucine instead (Leu56). Replacing Leu56 by His did
not result in covalent flavinylation but revealed the importance of this residue for both FAD-
binding and catalysis. The Leu56 variants showed remarkable differences in binding capacity
of L-galactono-1,4-lactone and L-gulono-1,4-lactone and released their FAD-cofactor more
easily than the wild-type enzyme. Covalent attachment of the flavin commonly requires the
base-assisted activation of the FAD-cofactor, this base is likely to be absent from the GALDH
sequence.

No crystal structure is available for the aldonolactone oxidoreductases, hence little
information is available about the nature of the active site and reaction mechanism. In
Chapter 4 two residues in the active site of GALDH from A. thaliana were identified by
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sequence comparisons with two VAO-members of known structures, AldO (Forneris et al.,
2008) and cholesterol oxidase (CO) (Coulombe et al., 2001). Both AldO and CO contain a
Glu-Arg pair in the active site that is conserved among the aldonolactone oxidoreductases.
The function of the corresponding residues in recombinant GALDH (Glu386 and Arg388),
was investigated by site-directed mutagenesis. Glu386 appears to be crucial for the binding of
L-galactono-1,4-lactone and might act as a base in substrate activation. The E386D mutant is
surprisingly active with L-gulono-1,4-lactone. Arg388 is less crucial for catalysis but is
important for the stabilization of negative charge generated during flavin reduction.

The interaction of GALDH with its natural electron acceptor cytochrome c¢ was
investigated in Chapter S. Electron transfer between GALDH and cytochrome ¢ presumably
involves the formation of a complex between the two redox partners. A surface engineering
strategy was followed to identify the role of charged residues on the surface of GALDH. In
total three patches of Lys and Glu residues in close proximity were identified and mutated to
Ala. Though often applied as a tool to improve crystal quality (Derewenda, 2004), the surface
mutations did not improve the crystallization properties of GALDH. Using heteronuclear
nuclear magnetic resonance (NMR) spectroscopy transient complex formation was
demonstrated between GALDH and isotopically enriched ferric yeast iso-1-cytochrome c. A
K4 of 50 uM was detected for the wild-type GALDH — cytochrome ¢ complex, and a K4 of 44
uM was found for the 9-fold surface mutant in complex with cytochrome c. The transient and
dynamic nature of the complex allow a fast electron transfer. The cytochrome ¢ binding map
for the 9-fold surface mutant is very similar to wild-type GALDH. Moreover, binding maps of
cytochrome c¢ in the complexes with GALDH and other physiological and non-physiological
partners are strikingly similar (Worrall et al., 2001; Crowley et al., 2002; Worrall et al., 2003;
Volkov et al., 2005), suggesting that cytochrome ¢ employs a conserved set of surface-
exposed residues for the interactions with a variety of proteins. Interestingly, the interaction
with cytochrome ¢ remains intact after removing 9 charged residues at the GALDH protein

surface.

Oxygen reactivity of GALDH

The oxygen reactivity of GALDH was addressed in the chapters 6 and 7, and provides an
explanation why GALDH was designed by Nature as a dehydrogenase.

An oxidation-sensitive cysteine required for optimal vitamin C production by GALDH was
identified in Chapter 6. Most aldonolactone oxidoreductases, including GUO, GALDH and
ALO can be inactivated by thiol reactive compounds, suggesting the involvement of cysteine
residues in catalysis. We found that GALDH can be inactivated by hydrogen peroxide due to
specific oxidation of Cys340, located in the C-terminal cap domain. ESI-MS revealed that the
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oxidation of Cys340 involves the sequential formation of sulfenic, sulfinic and sulfonic acid
states. C340A and C340S GALDH variants are insensitive towards thiol oxidation, but exhibit
a poor affinity for L-galactono-1,4-lactone. FElectron paramagnetic resonance (EPR)
spectroscopy of spin-labeled GALDH revealed that Cys340 has a buried location, and its
estimated pK, of 6.5 suggests a critical role for the thiolate anion in substrate recognition. We
also found evidence for site-specific S-glutathionylation of Cys340, which may be involved in
protecting GALDH against irreversible oxidation under oxidative stress conditions (Dalle-
Donne et al., 2007). The sensitivity towards oxidative stress and the fact that plants produce
high amounts of vitamin C could provide an explanation why GALDH is a dehydrogenase
and not, like related aldonolactone oxidoreductases, a hydrogen peroxide producing oxidase.
High levels of hydrogen peroxide will de-regulate the expression and functioning of ascorbate
peroxidases and other thiol-modulated enzymes and stimulate ageing, senescence and cell
death (Giorgio et al., 2007; Navrot et al., 2007; Ishikawa and Shigeoka, 2008). In addition,
mitochondrial oxygen depletion by galactonolactone oxidase activity might affect respiration.
In Chapter 7 we investigated the molecular determinants for the poor oxidase activity of
GALDH. The oxygen reactivity of flavoproteins is poorly understood and may depend on
multiple factors, like solvation of the active site, charge distributions and the existence of
oxygen tunnels and gating mechanisms (Mattevi, 2006). In this chapter we present for the first
time the rational design of a catalytically competent galactonolactone oxidase. By performing
a structure-based family alignment approach (Joosten et al., 2008) we identified a gatekeeper
residue in the VAO flavoprotein family that prevents dehydrogenases from acting as oxidases.
Nearly all oxidases in the VAO family contain either a Gly or Pro at a structurally conserved
position near the C4a locus of the isoalloxazine moiety of the flavin, whereas dehydrogenases
prefer another residue at this position (Table S7.1). Interestingly, this residue is located at the
re-face of the flavin, in contrast to the substrate binding site, which is on the si-face in VAO
family members. Mutation of the corresponding residue in GALDH (Alal13—Gly) resulted
in a strong increase in oxygen reactivity, while the cytochrome c reductase activity is retained.
The activity of the A113G variant is comparable to that of other flavoprotein oxidases. The
Alal13—Gly mutation does not alter the redox properties of the flavin, but merely creates
space for molecular oxygen to reach and react with the reduced flavin. In wild-type GALDH
Alall3 acts as a gatekeeper, preventing oxygen to access the isoalloxazine nucleus. The
presence of such an oxygen access gate seems to be a key factor for the prevention of oxidase

activity within the VAO family, and is absent in members that act as oxidases.
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Galactonolactone oxidase from 7Trypanosoma cruzi

The trypanosomal parasites Trypanosoma brucei, and T. cruzi (the causative agents of African
sleeping sickness and Chagas’ disease, respectively) threat millions of people world-wide.
Current treatments are unsatisfactory, since the available drugs have a limited efficacy and
exhibit toxic side effects. Because humans lack the capacity to synthesize ascorbate, the
trypanosomal enzymes involved in ascorbate biosynthesis are interesting targets for drug
therapy.

In Chapter 8 the aldonolactone oxidoreductase of Trypanosoma cruzi, is characterized.
Galactonolactone oxidoreductase from 7. cruzi (TcGAL) forms an interesting drug target as
T. cruzi is unable to scavenge ascorbate from its environment (Logan et al., 2007). Because
recombinant expression of TcGAL in E. coli yields mostly inactive inclusion bodies, an in
vitro refolding method was designed using an AOT-isooctane reversed micelles system.
Active protein was obtained only when the refolding was performed in the presence of a
redox system consisting of reduced and oxidized glutathione and FAD, but not FMN. The
requirement of FAD as redox active cofactor by TcGAL is in accordance with the presence of
the PP-loop in its amino acid sequence, similar to other VAO family members (Fraaije et al.,
1998). Refolded TcGAL exhibits native-like structure and is active with both L-galactono-1,4-
lactone and D-arabinono-1,4-lactone. In line with the predicted space near the C4a-N5 locus
of the flavin, the enzyme can use molecular oxygen as electron acceptor in addition to

cytochrome ¢ and 1,4-benzoquinone.

Outlook

Plants are the main vitamin C producers on earth. A detailed understanding of the
biosynthesis of vitamin C is essential for future efforts to find alternative methods for the
commercial production of this health-promoting compound. In this research we have
characterized GALDH, the enzyme that completes vitamin C biosynthesis in plants. Several
crucial amino acid residues involved in cofactor and substrate binding were identified and the
enzyme was redesigned into variants with altered substrate and electron acceptor specificities.
Furthermore, we found out why plant GALDH was designed by Nature as a dehydrogenase,
and not, like related aldonolactone oxidoreductases, as an oxidase.

The crystal structure of GALDH or a related aldonolactone oxidoreductase could shed
some more light on the active site residues involved in substrate binding and catalysis.
Unfortunately, all our attempts to solve the GALDH crystal structure were fruitless due to a
poor diffraction of the obtained crystals. Up to now, crystals were obtained for native
GALDH, His-tagged GALDH, GALDH C340A, C340S and four GALDH surface mutants.
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All crystals diffract to about 3.5-4 A resolution, which is not enough to solve the structure
(NGH Leferink, E Carpanelli, A Mattevi and WJH van Berkel, unpublished results). The
availability of a GALDH inhibitor could help to obtain better crystals. Lycorine, a toxic plant
alkaloid, was reported as an inhibitor of ascorbate biosynthesis in plants and animals, and as a
specific inhibitor of GALDH (Imai et al., 1998). We did, however, not observe a clear
inhibition of GALDH activity by lycorine (NGH Leferink, unpublished results).
Alternatively, an aldonolactam might be a potential competitive inhibitor of GALDH. Initial
efforts to synthesize 4-deoxy-L-galactono-1,4-lactam were not successful (NGH Leferink,
unpublished results). The availability of an aldonolactone oxidoreductases crystal structure
will also be beneficial for the design of a specific TcGAL inhibitor, a potential drug target for
Chagas’ disease.

There is an increasing pressure to develop alternative methods for the Reichstein process, a
mostly chemical procedure used to produce the vast majority of the world vitamin C.
Innovations in recombinant DNA technology, the availability of genome sequences and recent
advances in protein engineering and synthetic biology may be exploited for the
biotechnological production of vitamin C. An interesting alternative pathway that deserves
more investigation is the production of natural vitamin C from pectin as starting material.
Pectin is a carbohydrate polymer from plant cell walls that is rich in D-galacturonic acid, a
recently identified alternative intermediate in the biosynthesis of vitamin C (Agius et al.,
2003). Apples and citrus fruits are particularly rich in pectin, which is a left-over product after
juice making. Through the sequential action of pectinases (Kashyap et al., 2001),
galacturonate reductase (Agius et al., 2003) and aldonolactonase (Ishikawa et al., 2008),
pectin can be converted to L-galactono-1,4-lactone, the final precursor towards vitamin C.
More research is needed to determine the feasibility of this route.

In conclusion, the results provided in this thesis provide a firm basis for further structure-
function studies on VAO-type flavoenzymes in general and the aldonolactone
oxidoreductases in particular. The fact that it is possible to convert a dehydrogenase into a
catalytically competent oxidase is of general relevance for the design of suitable biocatalysts
because oxidases do not require expensive co-substrates or regeneration systems. The
knowledge acquired in this research may be applied for the biotechnological production of

vitamin C or other valuable carbohydrates.
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Samenvatting

Elektronenoverdrachts- of redoxreacties spelen een belangrijke rol in allerlei biochemische
processen. Een redoxreactie is een chemisch proces waarbij een stof elektronen afstaat,
waardoor deze wordt geoxideerd, en de afgegeven elektronen vervolgens worden opgenomen
door een andere stof, die daardoor wordt gereduceerd. Dergelijke reacties worden in de natuur
versneld door bepaalde biokatalysatoren, de zogenaamde redoxenzymen. Redoxenzymen
bevatten een metaal ion of organische cofactor in hun reactiecentrum om de
elektronenoverdrachtsreactie mogelijk te maken. Enzymen met een flavine mononucleotide
(FMN) of flavine adenine dinucleotide (FAD) cofactor worden flavoenzymen genoemd.
Flavoenzymen worden gekenmerkt door hun gele kleur (flavus betekent geel in het Latijn), en
zijn betrokken bij een groot aantal belangrijke biochemische processen waaronder
biosynthese, energie en licht productie, eiwitvouwing, ontgifting, geprogrammeerde celdood
en DNA herstel. Flavoenzymen zijn ook vaak geschikt voor synthese doeleinden omdat hun
katalytische efficiéntie en selectiviteit superieur zijn aan conventionele chemische methoden.
Door het vinden van nieuwe flavoenzymen en een verbeterd inzicht in de werking ervan, zal

het toepassen van deze enzymen in de toekomst makkelijker worden.
Suiker oxidases

Hoofdstuk 1 van dit proefschrift geeft een introductie over flavine-athankelijke suiker
oxidases. Suiker oxidases zijn waardevolle enzymen die kunnen worden gebruikt in allerlei
diagnostische toepassingen en in de levensmiddelenindustrie. De meeste suiker oxidases zijn
tot op heden geisoleerd uit schimmels, maar een uitgebreide genoomanalyse liet zien dat ook
planten een rijke bron zijn voor deze enzymen. Suiker oxidases zorgen o.a. voor de stevigheid
van de plantencelwand, de bescherming tegen ziekteverwekkers en de aanmaak van
vitamine C.

Vitamine C of ascorbaat is een belangrijk suikerderivaat dat werkzaam is als antioxidant,
redox buffer en enzym cofactor. De meeste organismen kunnen zelf vitamine C aanmaken,
mensen hebben deze eigenschap echter verloren en zijn athankelijk van hun dieet voor de
dagelijkse vitamine C behoefte. Een langdurig gebrek aan vitamine C kan scheurbuik
veroorzaken, een ziekte die vroeger veel voorkwam bij zeelieden. Synthetisch vitamine C
wordt tegenwoordig veel toegepast als conserveermiddel en antioxidant in de
levensmiddelenindustrie. Daarnaast wordt dit vitamine steeds vaker toegevoegd aan
diervoeding en cosmetische producten. Voor het ontwikkelen van milieuvriendelijke

biotechnologische methoden om vitamine C te produceren is het noodzakelijk om
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gedetailleerde kennis te hebben van de biosynthese van vitamine C en de enzymen die daarbij
zijn betrokken.

In dit promotieonderzoek is het vitamine C producerende flavoenzym galactonolacton
dehydrogenase (GALDH) uit de model plant Arabidopsis thaliana (de zandraket) bestudeerd.
De kennis opgedaan in dit onderzoek kan worden gebruikt voor het ontwikkelen van
biokatalysatoren die kunnen worden toegepast voor de biotechnologische productie van

vitamine C of andere koolhydraten met nieuwe eigenschappen.

De VAO familie

GALDH en gerelateerde enzymen behoren tot de vanillyl-alcohol oxidase (VAO) familie van
flavoenzymen. Leden van de VAO familie hebben een karakteristieke driedimensionale
structuur bestaande uit twee domeinen, een sterk geconserveerd FAD-bindingsdomein en een
niet geconserveerd substraat-bindingsdomein. Het reactiecentrum bevindt zich op het
grensvlak van de twee domeinen. Hoofdstuk 2 geeft een overzicht van de VAO familie en de
katalytische eigenschappen van enkele recent ontdekte familieleden worden beschreven. De
karakteristieke structuur van de VAO familie maakt het mogelijk veel verschillende
omzettingen te katalyseren. De VAO familie bevat enzymen die betrokken zijn bij het
suikermetabolisme, de afbraak van lignine en de synthese van antibiotica en alkaloiden. Een
opmerkelijke eigenschap van het FAD-bindingsdomein van de VAO familie is de voorkeur
voor covalente binding van de flavine cofactor. Tot de recent ontdekte familieleden behoren
de mono-covalente flavoenzymen alditol oxidase uit Streptomyces coelicolor en eugenol
oxidase uit Rhodococcus sp. RHAI, het bi-covalente flavoenzym chito-oligosaccharide
oxidase uit Fusarium graminearum, en het niet-covalent gebonden flavine bevattende
galactonolacton oxidase uit Trypanosoma cruzi. De VAO familie bestaat momenteel uit
ongeveer vijftig gekarakteriseerde enzymen, en de verwachting is dat met de toenemende
beschikbaarheid van genoom sequenties er in de komende jaren nog veel meer familieleden

zullen worden ontdekt.

Galactonolacton dehydrogenase uit Arabidopsis thaliana

GALDH is een essentieel plantenenzym, naast de aanmaak van vitamine C speelt het een
belangrijke rol bij de regulatie van de celgroei in de plant. GALDH is in de jaren 50 van de
vorige eeuw voor het eerst geisoleerd uit broccoli roosjes, maar over de biochemische en
biofysische eigenschappen van het enzym is tot nu toe weinig bekend. Hoofdstuk 3 beschrijft
de eerste biochemische studie van recombinant GALDH uit 4. thaliana. Naast het natuurlijk

substraat L-galactono-1,4-lacton kan GALDH ook L-gulono-1,4-lacton omzetten naar
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vitamine C. De oxidatie van galactonolacton verloopt echter 3000 keer efficiénter. Uit een
vervolgstudie (zie hoofdstuk 4) werd duidelijk dat ook D-arabinono-1,4-lacton een substraat is
voor GALDH. Dit lacton bindt echter relatief zwak, wat aangeeft dat de juiste lengte en
stereochemie van de zijketen van het substraat belangrijk zijn voor de enzymspecificiteit.
GALDH gebruikt cytochroom c¢ als (fysiologische) elektronen acceptor, en reageert,
nauwelijks met zuurstof.

GALDH vormt in tegenstelling tot de meeste flavine-athankelijke dehydrogenases een
adduct met sulfiet en een roodgekleurd flavine radicaal. Beide eigenschappen zijn een
aanwijzing voor de aanwezigheid van positieve ladingen in het actief centrum. De meeste
aldonolacton oxidoreductases bevatten een histidyl-FAD als covalent gebonden prosthetische
groep. De histidine die betrokken is bij de covalente FAD binding ontbreekt in GALDH, in
plaats daarvan bezit het enzym een leucine op dezelfde positie. Het vervangen van deze
leucine door een histidine resulteerde niet in een covalente binding van de flavine, maar
bracht wel het belang van dit hydrofobe aminozuur voor FAD binding en katalyse aan het
licht. Voor covalente cofactor binding is een activering van de flavine of de histidine
noodzakelijk. De aminozuren die deze activering bewerkstelligen zijn waarschijnlijk afwezig
in GALDH.

Omdat er geen kristalstructuur van aldonolacton oxidoreductases beschikbaar is, is er maar
weinig bekend over het reactiemechanisme van deze enzymen. In Hoofdstuk 4 is een
geconserveerd glutamaat-arginine paar in het reactiecentrum van GALDH geidentificeerd
door middel van sequentie vergelijkingen met alditol oxidase en cholesterol oxidase, twee
VAO-homologen waarvan de ruimtelijke structuren bekend zijn. De functie van deze twee
aminozuren in GALDH (Glu386 en Arg388) zijn bestudeerd door het maken van
plaatsgerichte mutaties. Glu386 bleek cruciaal te zijn voor het binden van L-galactono-1,4-
lacton en is mogelijk ook betrokken bij de activering van het substraat. De E386D variant
vertoonde een verrassend hoge activiteit met L-gulono-1,4-lacton. Arg388 lijkt minder
cruciaal te zijn voor de omzetting van het substraat, maar is erg belangrijk voor het
stabiliseren van een negatieve lading die ontstaat tijdens de reductie van de flavine.

De interactie van GALDH met zijn fysiologische redox partner cytochroom c is bestudeerd
in Hoofdstuk 5. Aangenomen wordt dat voor de elektronenoverdracht van GALDH naar
cytochroom ¢ een complex wordt gevormd tussen de beide redoxpartners. Door gebruik te
maken van kernmagnetische resonantie (NMR) spectroscopie, werd complexvorming tussen
GALDH en iso-l1-cytochroom ¢ uit gist waargenomen. De korte levensduur en het
dynamische karakter van het complex maken een snelle elektronenoverdracht mogelijk.
Opvallend was dat de interactie met cytochroom c intact blijft nadat 9 geladen residuen van
het GALDH oppervlak waren verwijderd. Beide complexen hebben een vergelijkbare

dissociatie constante, en de cytochroom c bindingskaart is in beide gevallen vergelijkbaar met

157



Samenvatting

die van andere cytochroom ¢ complexen. Dit impliceert dat cytochroom ¢ een geconserveerde

set van aminozuren gebruikt voor de interactie met verschillende redox partners.

Zuurstofreactiviteit van GALDH

De reactiviteit van GALDH met zuurstof is bestudeerd in de hoofdstukken 6 en 7, en geeft
een mogelijke verklaring waarom GALDH een dehydrogenase is en geen oxidase.

Hoofdstuk 6 beschrijft de identificatie van een redox-gevoelige cysteine in GALDH die
noodzakelijk is voor de optimale productie van vitamine C. Tijdens het bewaren in de
diepvries wordt GALDH langzaam door =zuurstof geinactiveerd. Studies met
waterstofperoxide toonden aan dat deze inactivering komt door de specifieke oxidatie van
Cys340, een aminozuur gelegen in het substraat bindingsdomein. Een massaspectrometrische
analyse liet zien dat tijdens de oxidatie van Cys340 achtereenvolgens drie zuurstofatomen
worden ingebouwd en dat de laatste twee oxidatiestappen irreversibel zijn. De GALDH
varianten C340A en C340S zijn niet gevoelig voor cysteine oxidatie, maar hebben een lage
affiniteit voor L-galactono-1,4-lacton. pH-athankelijke inactivatie studies suggereren dat het
thiolaat anion van Cys340 een kritische rol speelt bij de substraat herkenning. Verder werd
gevonden dat S-glutathionylering van Cys340 bescherming biedt tegen irreversibele oxidatie.
De gevoeligheid voor oxidatieve stress en het feit dat planten veel vitamine C aanmaken,
geven een mogelijke verklaring voor het feit dat GALDH een dehydrogenase is, en niet, een
waterstofperoxide producerend oxidase zoals gerelateerde enzymen. De vorming van grote
hoeveelheden waterstofperoxide in de mitochondrién zou de expressie en het functioneren van
ascorbaat peroxidases en andere thiol-gemoduleerde enzymen ontregelen, en het verouderen
en afsterven van plantencellen bevorderen.

In Hoofdstuk 7 is de reden voor de geringe oxidase activiteit van GALDH nader
onderzocht. Over de selectieve zuurstofreactiviteit van flavoenzymen is tot nu toe relatief
weinig bekend, het is waarschijnlijk dat meerdere factoren, zoals ladingsverdelingen in het
actieve centrum en het bestaan van zuurstofkanalen van invloed zijn. In dit hoofdstuk laten
we voor het eerst zien dat het mogelijk is om een katalytisch competente galactonolacton
oxidase te creéren. Door alle aminozuursequenties en driedimensionale structuren van VAO
familieleden te vergelijken, hebben we een aminozuur geidentificeerd dat dehydrogenases
discrimineert van oxidases. Vrijwel alle oxidases van de VAO familie bezitten een glycine of
proline op een geconserveerde positie nabij de C4a locus van de isoalloxazine groep van de
flavine, terwijl dehydrogenases de voorkeur geven aan een ander aminozuur op deze positie.
Het bewuste aminozuur bevindt zich aan de achterkant van de flavine, terwijl de substraat
bindingsplaats zich aan de voorkant bevindt. De mutatie van het equivalente aminozuur in

GALDH (Alal13—Gly) resulteerde in een 400-voudige toename in de reactie met zuurstof,
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terwijl de cytochroom c¢ reductase activiteit onaangetast bleef. De reactiesnelheid van de
AT113G variant met zuurstof is vergelijkbaar met andere flavoproteine oxidases. De mutatie
heeft geen invloed op de redox eigenschappen van de flavine, maar cre€ert ruimte voor
moleculaire zuurstof om het gereduceerde flavine specifiek van één kant te benaderen en
ermee te reageren. In wild-type GALDH werkt Alal13 dus als een poortwachter die voorkomt
dat zuurstof toegang krijgt tot de flavine. Het afsluiten van de toegangspoort tot het actieve
centrum lijkt een algemeen principe ter voorkoming van oxidase activiteit in de VAO familie,

en is afwezig in leden die actief zijn met zuurstof.

Galactonolacton oxidase uit Trypanosoma cruzi

De eencellige parasieten Trypanosoma brucei en T. cruzi, de veroorzakers van respectievelijk
de Afrikaanse slaapziekte en de ziekte van Chagas, bedreigen miljoenen mensen wereldwijd.
De huidige behandeling tegen deze ziekten is ontoereikend omdat de beschikbare medicijnen
maar een beperkt effect hebben en bijwerkingen kunnen veroorzaken. In Hoofdstuk 8 is het
aldonolacton oxidoreductases uit Trypanosoma cruzi bestudeerd. Galactonolacton
oxidoreductase uit 7. cruzi (TcGAL) is een interessant doelwit voor het ontwikkelen van een
medicijn tegen de ziekte van Chagas, omdat 7. cruzi niet in staat is om ascorbaat op te nemen
uit zijn omgeving. Omdat de expressie van TcGAL in E. coli alleen onoplosbaar inactief
eiwit, zogenaamde “inclusion bodies”, opleverde, werd een in vitro hervouwingsmethode
ontwikkeld die gebruik maakt van omgekeerde micellen. Actief eiwit werd verkregen
wanneer de hervouwing werd uitgevoerd in aanwezigheid van een redox systeem bestaande
uit gereduceerd en geoxideerd glutathion en FAD, en niet met FMN. Het feit dat TcGAL
FAD gebruikt als redox actieve cofactor is in overeenstemming met de aminozuur sequentie,
en ontkracht een recente publicatie waarin gesteld wordt dat dit enzym FMN bevat.
Hergevouwen TcGAL heeft structurele eigenschappen die vergelijkbaar zijn met het
oplosbare GALDH uit 4. thaliana en is goed actief met zowel L-galactono-1,4-lacton als
D-arabinono-1,4-lacton. Verder is voor het eerst aangetoond dat TcGAL actief is met zuurstof.
Dit is in overeenstemming met de voorspelde toegangspoort voor zuurstof aan de achterkant

van de flavine.

Vooruitzicht

Planten zijn de voornaamste producenten van vitamine C op aarde. Een gedetailleerde kennis
van de biosynthese van vitamine C is essentieel voor het vinden van alternatieve

productiemethoden voor deze gezondheidsbevorderende stof. In dit onderzoek is GALDH

bestudeerd, het enzym dat de vitamine C biosynthese in planten voltooid. Verschillende
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cruciale aminozuren die betrokken zijn bij de cofactor en substraat binding werden
geidentificeerd en varianten met een gewijzigde substraat- en elektronen acceptor specificiteit
zijn ontworpen. Bovendien hebben we een verklaring gevonden voor het feit dat GALDH uit
de plant een dehydrogenases is, en niet, zoals gerelateerde aldonolacton oxidoreductases, een
oxidase.

De kristalstructuur van GALDH of een gerelateerd aldonolacton oxidoreductase zou meer
licht kunnen werpen op de aminozuren in het reactiecentrum die betrokken zijn bij de
substraat binding en katalyse. Helaas zijn alle pogingen om de kristalstructuur van GALDH
op te helderen niet vruchtbaar gebleken omdat de verkregen kristallen van slechte kwaliteit
waren. Tot nu toe zijn kristallen verkregen voor het natieve GALDH, GALDH met een
C-terminale His-tag, GALDH C340A en C340S, en de vier GALDH oppervlakte mutanten.
Alle kristallen lieten een diffractie zien van 3,5-4 A resolutie, wat niet genoeg is om de
structuur op te helderen. De beschikbaarheid van een GALDH remmer zou kunnen helpen bij
het verkrijgen van kristallen met een hogere kwaliteit. Lycorine, een giftig planten alkaloide,
is in de literatuur genoemd als specifieke remmer van GALDH. Wij konden met lycorine
echter geen duidelijke remming van de GALDH activiteit waarnemen. Als alternatief zou een
aldonolactam een mogelijke competitieve remmer kunnen zijn voor GALDH. De eerste
pogingen om 4-deoxy-L-galactono-1,4-lactam te synthetiseren waren, helaas, niet succesvol.
De beschikbaarheid van een aldonolacton oxidoreductase kristalstructuur is ook belangrijk
voor het ontwikkelen van een TcGAL remmer, een mogelijk medicijn voor de ziekte van
Chagas.

Er is een toenemende druk om alternatieve methoden te ontwikkelen voor het Reichstein
proces, een voornamelijk chemische procedure die gebruikt wordt om het leeuwendeel van de
wereldwijde vitamine C voorraad te maken. Innovaties in recombinant DNA technologie, de
beschikbaarheid van genoomsequenties en de recente vorderingen in eiwit “engineering” en
synthetische biologie kunnen mogelijk worden geéxploiteerd voor de biotechnologische
productie van vitamine C. Een interessante alternatieve route die meer onderzoek verdient is
de productie van natuurlijk vitamine C uit pectine. Pectine is een koolhydraat polymeer uit de
platencelwand dat rijk is aan D-galacturonzuur, een alternatief intermediair in de biosynthese
van vitamine C. Appels en citrusvruchten zijn rijk aan pectine, een restproduct dat overblijft
na het maken van sap. Door de werking van achtereenvolgens pectinases, galacturonaat
reductase en aldonolactonase kan pectine worden omgezet naar L-galactono-1,4-lacton, de
voorloper van vitamine C. Meer onderzoek is nodig om de (commerciéle) haalbaarheid van
deze route te bepalen.

Concluderend kunnen we stellen dat de resultaten verkregen met dit onderzoek een stevige
basis vormen voor verdere structuur-functie studies aan VAO-type flavoenzymen in het

algemeen en de aldonolacton oxidoreductases in het bijzonder. Het feit dat het nu mogelijk is
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om een dehydrogenase om te zetten in een katalytisch competente oxidase is van algemeen
belang voor het ontwikkelen van geschikte biokatalysatoren, omdat oxidases geen gebruik
maken van dure co-substraten of regeneratie systemen. De kennis opgedaan met dit onderzoek
kan in de toekomst worden gebruikt voor de biotechnologische productie van vitamine C of

andere waardevolle koolhydraten.
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