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Resumo

As malato:quinona oxidoreductases (MQOs) sado proteinas que estdo associadas a membrana,
catalisando a oxidacdo malato a oxaloacetato e a reducdo de quinona a quinol. As MQOs sao
consideradas proteinas com um papel importante no metabolismo dos organismos, integrando o ciclo
dos acidos tricarboxilicos, a cadeia respiratéria e em alguns casos podem ainda fazer parte de outras

vias metabdlicas como o ciclo do fumarato.

As MQOs encontram-se distribuidas nos trés dominios da vida e para este estudo selecionaram-se
MQOs de Staphylococcus aureus, Escherichia coli, Helicobacter pylori e Plasmodium falciparum devido

a natureza patogénica destes organismos, que representa uma ameaca para a saude publica.

Surpreendentemente, considerando o papel central destas proteinas no metabolismo energético dos
organismos, ndo existe muita informagéo relativa a relagédo estrutura-fungcdo das MQOs. Assim este
estudo teve como objetivo caracterizar bioquimica e funcionalmente estas proteinas. Foram realizados
testes para determinar as melhores condi¢es para a expressdo de MQOs. As MQO 1 e MQO 2 de S.
aureus e a MQO de E. coli foram purificadas com sucesso. A caracterizagao bioquimica realizada a
MQO 1 de S. aureus incluiu a determinacéo do grupo prostético por HPLC e a identificagdo da proteina
por espetrometria de massa. Foram ainda realizados ensaios de cinética de estado estacionéario
visando a investiga¢cdo do mecanismo catalitico e estudos de intera¢@o proteina-substrato utilizando
espetroscopia de fluorescéncia para obter pardmetros de interagdo e investigar os efeitos desta
interacdo. Os resultados obtidos revelaram que a interacdo do inibidor, HQNO, com a proteina é
diferente da do oxaloacetato e da menaquinona (DMN). Para além disto, a MQO 1 de S. aureus mostrou
ter o comportamento caracteristico de Michaelis-Menten para os dois substratos e a sua atividade
enzimética é afetada pela presenga de HQNO. Observamos ainda que a MQO de E. coli prefere utilizar

ubiquinona em vez de menaquinona.

Palavras-chave: proteinas monotdpicas; malato; quinonas; estudos de inibi¢&o; interagdo proteina-
ligando.
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Abstract

Malate:quinone oxidoreductases (MQOs) are membrane-bound proteins that catalyze the oxidation of
malate to oxaloacetate and the reduction of the quinone to quinol. MQOs are considered proteins with
a central role in the metabolism of the organisms, because they include the Tricarboxylic Acid Cycle,
the respiratory chain and in some cases MQOs can also be part of other pathways, like the fumarate
cycle.

MQOs are present in the three domains of life, and for this study MQOs from Staphylococcus aureus,
Escherichia coli, Helicobacter pylori and Plasmodium falciparum were selected due to the organisms’
pathogenic nature, which represents a threat to human health.

Surprisingly, considering the central role of these proteins in the energetic metabolism of the organisms,
there is little information about the structure-function relationship in MQOs. In this study we aimed at
biochemically and functionally characterizing these proteins. For this, tests were performed to determine
the best conditions for the expression of MQOs. MQO 1 and MQO 2 from S. aureus and MQO from E.
coli were successfully purified. Biochemical characterization including determination of the prosthetic
group by HPLC and identification of the protein by mass spectrometry was achieved for MQO 1 from S.
aureus. Moreover, steady-state kinetics assays were done to explore the catalytic mechanism of these
enzymes and protein-substrate binding studies were performed using fluorescence spectroscopy to
obtain binding parameters and investigate the effects of the interaction of the substrates with MQO at
the protein level. Our combined results revealed that the inhibitor, HQNO, interacts with the protein in a
different way from those of oxaloacetate or menaquinone (DMN). In addition, MQO 1 from S. aureus
showed a Michaelis-Menten behavior towards both substrates and its enzymatic activity is affected by
the presence of HQNO. We observed that MQO from E. coli preferably uses ubiquinone rather than

menaquinone.

Keywords: monotopic proteins; malate; quinones; inhibition studies; protein-ligand interaction.
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1. Introduction

1.1. Energetic metabolism

Energy is involved in most biochemical reactions needed for the cell life. Cellular metabolism, the set of
all reactions taking place in an organism, can be divided in two groups of reactions, catabolism and
anabolism. Catabolism includes mainly favorable thermodynamic reactions that degrade complex
macromolecules into simpler molecules, releasing energy. In the case of anabolism, most reactions
need energy input for the synthesis of biomolecules, important for the living cell, from simpler
precursors?.

The free energy released by catabolic reactions powers the anabolic ones, and for that this energy must
be converted to other forms. Besides ATP synthesis, the free energy released from catabolic reactions
may be converted and conserved in the form of a transmembrane difference in electrochemical potential
established by the translocation of ions across the cellular or mitochondrial membranes. The
establishment of the electrochemical potential is possible due to the action of proteins of the respiratory
chain that couple the oxidoreduction reactions to the translocation of protons against their
electrochemical potential, and due to the impermeability of the membranes to ions. This electrochemical
potential may in turn power several needs of the cell, such as ATP synthesis, solute transport or
motility?2.

The central catabolic pathway of carbohydrates is glycolysis, in which glucose, an energy source for
animals, plants and other organisms, is converted into pyruvate. This metabolic process is a series of
reactions catalyzed by several enzymes that release some free energy which is stored in the form of
ATP and NADH234,

The pyruvate formed in the glycolysis can be used in different catabolic reactions, such as the
Tricarboxylic Acid Cycle (TCA). This cycle represents a central pathway in the cell metabolism and is a
converging point of the catabolic pathways of carbohydrates, fatty acids and amino acids. The cycle
allows the flux in the catabolic pathways of the different macromolecules, and it provides substrates to
the respiratory chain. In this way, it allows indirect energy conservation by ATP synthesis and

establishment of the membrane potential?4.

1.2. Therole of malate:quinone oxidoreductases in metabolism

Malate:quinone oxidoreductases (MQOSs) are responsible for the oxidation of malate to oxaloacetate
and the reduction of quinone to quinol. This enzyme is present in some microorganisms but absent in
humans. Usually organisms with mitochondria have the soluble malate:NAD* oxidoreductase or a
malate dehydrogenase (MDH). This enzyme also oxidizes L-malate to oxaloacetate but instead of
reducing the quinone, this protein reduces NAD* to NADH. Both MQO and MDH are involved in the TCA
cycle. Some organisms present genes coding for the two proteins. In this case it is yet not clear in which
situation each of the enzymes is expressed. The catalyzed reactions are thermodynamically very

different; the AG® involved in the reaction of MQO is -55 or -18.9 kJ.moll, for ubiquinone or



menagquinone, respectively, whereas AG? involved in the reaction of MDH is +28.6 kJ.mol1, which
makes it thermodynamically unfavorable. MDH reaction seems to take place due to the high rate of

oxaloacetate’s removal by citrate synthase>6.7:8:9,

1.2.1. Tricarboxylic Acid Cycle as a central metabolic pathway

The Tricarboxylic Acid (TCA) cycle, also called citric acid cycle or Krebs cycle, is the major final common
pathway of oxidation of carbohydrates, lipids and proteins, since the oxidation of these molecules yields
acetyl-CoA or several intermediate metabolites of the cycle. The intermediates of this cycle can also be
important to the biosynthetic pathway of fatty acids, proteins and carbohydrates, as shown in Figure 1.1.
In this way, the TCA cycle presents a central role in both catabolic and anabolic metabolisms2419,

TCA, schematically represented in Figure 1.1, takes place in the mitochondrial matrix in eukaryotes and
in the cytosol in prokaryotic organisms. This metabolic pathway is constituted by chain reactions
catalyzed by eight enzymes, starting by the condensation of oxaloacetate using acetyl-CoA and ending
with the formation of oxaloacetate from malate, before the beginning of a new cycle. In the end, for each
molecule of acetyl-CoA used, three NADH molecules, one ATP and one quinol molecule are formed.
These molecules can be used in other pathways as the respiratory chain, reinforcing the central role of

this cycle*11,
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Figure 1.1- Schematic representation of metabolic pathways. Metabolic pathways converging in the Tricarboxylic
Acid Cycle. Adapted from?©,

The last step of the TCA cycle is the oxidation of malate to oxaloacetate and this reaction can be
catalyzed by two different enzymes, MQO and MDH, as described above. In addition, MQO reduces the

guinone to quinol, in this way being also directly involved in the respiratory chain®s8.



1.2.2. Respiratory chain

Respiratory chains are very diverse and evolved according to the specific metabolic needs of each
organism. However, in all organisms, the respiratory chain is composed of several proteins and protein
complexes with oxidoreduction activity. Some of these membrane proteins can use the free energy
released by the catalytic reactions to perform the thermodynamically unfavorable ion translocation,
protons or charges, contributing in this way for the establishment of the membrane potential.

The canonical/mitochondrial respiratory chain, the most studied electron transport chain, is composed
of four different complexes, | to IV. These complexes are responsible for the electron transfer from the
electron donors, NADH and succinate, to the final electron acceptor, O2. The representation of

complexes of the mammalian respiratory chain is shown in Figure 1.212,
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Figure 1.2- Representation of the canonical/mitochondrial respiratory chain. Four complexes are present in this
respiratory chain and the arrangement of the complexes as proposed to date is represented. (+) and (-) indicate the
positive and negative sides of the transmembrane difference in the electrochemical potential, respectively.

Complex | (Cp 1) is the largest complex of the respiratory chain complexes, formed by ~44 polypeptides.
It is an “L” shaped complex and has as cofactors one flavin (FMN) and 8 iron-sulfur centers. Cp | is
responsible for the transfer of 2 electrons from NADH to the quinone and couples the free energy
released by this oxidoreduction reaction to the translocation of protons across the membranel3,14.
Complex Il (Cp II) catalyzes the oxidation of succinate to fumarate with reduction of quinone (Q) to quinol
(QH2). This is the only mitochondrial respiratory complex that does not translocate charges across the
membrane?®.

Complex 11l (Cp Ill) catalyzes the electron transfer from the quinol to cytochrome c. This reaction is
coupled to the translocation of charges across the membrane. This complex is a transmembrane
complex protein composed of three catalytic subunits (cytochrome ci1, cytochrome b and Rieske iron-
sulfur subunit).

Cytochrome c is responsible for reducing complex IV (Cp V), also called cytochrome ¢ oxidase, which
has thirteen subunits, but only two of them are directly involved in the catalytic activity. This is the final
step of the electron transfer chain. In this step cytochrome c is oxidized and O: is reduced to two water
molecules (cytochrome c:0:2 oxidoreductase), translocating protons across the membrane??,

The mammalian respiratory chain seems to be quite simple when comparing to the diversity of the
respiratory chains from other organisms. The respiratory chains from other organisms can also include
other proteins and protein complexes performing different reactions, and have additional electron

acceptors instead of oxygen. These diversity and flexibility are also reflected by the different substrates,



such as lactate, pyruvate, dihydroorotate, malate, among others. These substrates can be used by

several quinone reductases, X:quinone oxidoreductases (Figure 1.3)16.
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Figure 1.3- Schematic representation of X:quinone oxidoreductases present in the respiratory chain of

Staphylococcus aureus. DOQ- Representation of the flavin. 0P Representation of the thiamine diphosphate
(TPP). (+) and (-) indicates the positive and negative sides of the transmembrane difference in the electrochemical
potential, respectively. Adapted from?8.

MQO is an example of a monotopic protein, it is attached to the membrane from one side, and oxidizes
malate and reduces the quinone. These proteins are considered electron entry points of the respiratory
chain, since these enzymes can oxidize different substrates and feed the quinone pool of the respiratory

chain?’,

1.2.3. Other metabolic pathways

The ability to survive in different environments is the reason for the diversity of the energetic
metabolisms in microorganisms. Some organisms use different pathways to satisfy their energetic
needs. In addition to the TCA cycle and the respiratory chain, there are other metabolic pathways such

as the fumarate cycle, shown in Figure 1.4518,
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Figure 1.4- Representation of the Fumarate cycle in Plasmodium falciparum. Enzymes involved in the Fumarate
cycle: I- Adenylosuccinate synthetase; 1l- Adenylosuccinate lyase; Ill- Adenosine monophosphate deaminase; V-
Fumarate hydratase; V- Malate:quinone oxidoreductase; VI- Aspartate aminotransferase. Substrates of the Purine
salvage pathway: IMP- Inosine monophosphate; SAMP- Adenylosuccinate; AMP- Adenosine monophosphate!s.
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The fumarate cycle starts with the conversion of fumarate to malate that is oxidized by MQO to
oxaloacetate. Then, oxaloacetate is transported to the cytoplasm, here being the substrate of the

reaction catalyzed by aspartate aminotransferase to form aspartate. Aspartate enters the purine



salvage, a way to recycle purine bases instead of synthesizing them de novo, in which fumarate is
released. MQO is important in this cycle to provide the oxaloacetate needed in the cytosol to be

converted to aspartate®.

1.3. Malate:quinone oxidoreductases

From all the enzymes described above, MQO is a protein with a remarkable role in the energetic
metabolism of the organisms, as part of TCA cycle, respiratory chains or other pathways, like the
fumarate cycle. Surprisingly, this protein has not been fully characterized to date, and no structural data
are available yet. There are some studies describing the biochemical characterization of MQO, but none
of them accomplished to isolate the protein.

Malate:quinone oxidoreductase (EC 1.1.5.4) is a monotopic protein that is linked to the surface of the
membrane by electrostatic and hydrophobic interactions. This protein was first described in Micrococcus
lysodeikticus in 1950 and since then it has been studied in several other organisms, such as Bacillus

sp. PS3, Corynebacterium glutamicum, Helicobacter pylori and Escherichia coli 67:8:919,
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Figure 1.5- Representation of malate:quinone oxidoreductases. OQQ- Representation of the flavin. (+) and (-)
indicates the positive and negative sides of the transmembrane difference in the electrochemical potential,
respectively. Adapted from?.

MQO has a flavin adenine dinucleotide (FAD) as a prosthetic group, shown in Figure 1.5 as well as the
catalytic activity of MQO. This prosthetic group has an extinction coefficient of 11.3 mM-lcm and has a
characteristic UV-Visible spectrum (Figure 7.1, in appendix), which has bands with maxima at 375 and
450 nm. This maximum of absorption at 450 nm is responsible for the yellow color of the proteinZ°. In
the sequence of MQO there is a conserved hydrophobic motif in the N-terminal region. This motif is also
found in the N-terminal of the glycerol-3-phosphate dehydrogenases and is known as a part of the FAD-

binding site’ 8.

1.3.1. MQQOs in pathogenic organisms

MQOs are present in different organisms and according to a study where a taxonomic profile was
performed for several protein complexes including MQOs, this enzyme is described to be present in the
three domains of life, in Bacteria (27 %), Archaea (9 %) and Eukarya (5 %)*6.

For this study, we selected the MQOs from Staphylococcus aureus, Escherichia coli, Helicobacter pylori

and Plasmodium falciparum. The selection of these organisms was based at first on their pathogenicity



and threat for human health. Since MQO is absent in humans, this protein may be considered a potential
drug target to produce pharmaceuticals against these pathogens. In addition, these organisms
synthesize different quinones, ubiquinones and menaquinones and thus this study will allow us to

explore possible structural and functional specificities towards the different substrates®22.

1.3.1.1. Staphylococcus aureus

Staphylococcus aureus belongs to the Micrococcaceae family, being a spherical coccus, non-sporing
and Gram-positive bacterium. These microorganisms are facultative anaerobes, depending on the
surrounding environment, and can be found in the human respiratory tract and in the skin?223,

S. aureus is one of the causes of respiratory diseases and is one of the five most common causes of
hospital-acquired infections. The treatment for S. aureus infection involves penicillin, but from year to
year the number of penicillin-resistant isolates has been growing and the treatment of S. aureus infection

has become a challenge?4252,

S. aureus has two genes that code for MQO, one for MQO 1 and the other one for MQO 2?7,

1.3.1.2. Escherichia coli

Escherichia coli is a Gram-negative, non-sporing and non-capsulated bacterium. It is a microorganism

that is usually found in human or animal intestine.

These bacteria are responsible for many of the humans’ infections, from urinary tract infection to
septicemia. Although it is a well-studied organism and widely used as a biologic model, it is still one of

the leading causes of hospital infections2328,

This microorganism has both enzymes to catalyze the oxidation of malate to oxaloacetate, MQO and
MDH. It is not clear in which situation each enzyme is expressed, but according to the Gibbs standard
free energy, the reaction using MQO is more favorable. In E. coli, the quinone used by MQO is
dependent on the growth conditions, in aerobiosis it expresses ubiquinone and in anaerobic conditions,

menagquinone is the preferred quinonet821,

Figure 1.6- Quinones chemical structure. A- Structure of Ubiquinone analog (DDB); B- Structure of Menaquinone
analog (DMN).

1.3.1.3.  Helicobacter pylori

Helicobacter pylori is a Gram-negative spirally shaped bacterium that colonizes the stomach and small

intestine. This microorganism is a strict microaerophile and has strong urease activity.



These bacteria are one of the most common causes of human infections since this microorganism may
be transmitted via water. H. pylori is commonly associated with diseases such as gastritis, peptic and
gastric ulcers and gastric cancer?32°.

Biochemical measurements done with H. pylori indicated that MDH activity was present but looking at
the genome, there is no gene coding for a MDH enzyme. This led to the hypothesis that H. pylori has a

gene coding for MQO, and MQO was first described in this microorganism in 20007.

1.3.1.4. Plasmodium falciparum

Plasmodium falciparum is an intracellular parasite that normally grows and replicates within a non-
phagosomal vacuole. The life cycle of this parasite is very complex, requiring specific proteins in each
stage of the cycle, meaning that all proteins are important for parasite survival®°,

P. falciparum is the cause of the most severe malaria in humans. Due to the absence of treatments and
the emerging drug resistance of the parasites, the development of novel treatments and vaccines are
very demanding®12.

In this microorganism, MQO is involved in the TCA cycle, the respiratory chain and the fumarate cycle
and is described as essential for parasite survival at specific stages of its sexual cycle. Thus, this protein

from these microorganisms is an important target to study®18,






2. Objectives

Malate:quinone oxidoreductases (MQOs) are membrane bound enzymes that oxidize malate to
oxaloacetate and reduce quinone to quinol. These enzymes can be found in different organisms, such
as Escherichia coli, Staphylococcus aureus, Helicobacter pylori and Plasmodium falciparum. MQOs are

absent in mammalian mitochondria, making them potential drug targets.

The goal of this dissertation is the biochemical and functional characterization of MQOs in order to
understand their importance within the organisms.
The specific objectives are:

- Optimize the expression and the purification of MQOs;

- Characterize biochemically and functionally these proteins;
- Study the interaction between the proteins and the respective substrates.
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3. Materials and Methods

At the beginning of this project five plasmids, each one with the gene coding for one MQO, MQO 1 from
Staphylococcus aureus (NCBI protein ID: CCJ21484), MQO 2 from Staphylococcus aureus
(NCBI protein ID: CCJ21678), MQO from Escherichia coli (NCBI protein ID: 16130147), MQO from
Helicobacter pylori (NCBI protein ID: XP_966154) and MQO from Plasmodium falciparum
(NCBI protein ID: NP_206886), were already available in the host lab. These five plasmids were used
in expression tests, in which different conditions were assessed, including different cell types, media,

growth extension and presence or absence of the inducer.

3.1 Expression Tests

The selected cells (E. coli Rosetta, E. coli C43 pLysS and E. coli C41) used in each expression test and
later in large scale cell growth were transformed with the plasmid pET-28a(+) containing the coding
gene for each MQO of interest. The transformation was performed using a heat shock method?3!.
Expression tests were made in order to find the best conditions to express the gene coding for each of
the five selected malate:quinone oxidoreductases (MQOs). The conditions tested in these 50 mL tests
are summarized in the Tables 3.1, 3.2 and 3.3.

Table 3.1- Conditions tested for the expression of the different MQO, using E. coli Rosetta cells. Expression tests
of the genes coding for MQO 1 from Staphylococcus aureus (MQO 1 S. aureus), MQO 2 from Staphylococcus
aureus (MQO 2 S. aureus), MQO from Escherichia coli (MQO E. coli), MQO from Helicobacter pylori (MQO H.
pylori), MQO from Plasmodium falciparum (MQO P. falciparum).

Protein | MQO 1 S. aureus, MQO 2 S. aureus, MQO E. coli, MQO H. pylori, MQO P. falciparum
Cell type E. coli Rosetta

: Yeast Extract and . . -
Medium Tryptone (2YT) Luria Bertani (LB) Terrific Broth (TB)
Gtri(:nmgh 4 hours Overnight | 4 hours | Overnight 4 hours Overnight
Inducer + + + + + - + -

Note: Protein expression induced with IPTG (+) and protein expression without induction (-).

Table 3.2- Conditions tested for the expression of the different MQOs using E. coli C43 pLysS cells. Expression
tests of the genes coding for MQO 1 from Staphylococcus aureus (MQO 1 S. aureus), MQO 2 from Staphylococcus
aureus (MQO 2 S. aureus), MQO from Escherichia coli (MQO E. coli), MQO from Helicobacter pylori (MQO H.
pylori), MQO from Plasmodium falciparum (MQO P. falciparum).

Protein | MQO 1 S. aureus, MQO 2 S. aureus, MQO E. coli, MQO H. pylori, MQO P. falciparum

Cell type E. coli C43 pLysS

Medium Yeast Extrz?gth_irr;d Tryptone Luria Bertani (LB) Terrific Broth (TB)

Gr.owth 4 hours 4 hours 4 hours Overnight
time

Inducer + + + ‘ - + ‘ -

Note: Protein expression induced with IPTG (+) and protein expression without induction (-).
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Table 3.3- Conditions tested for the expression of the different MQOs using E. coli C41 cells. Expression tests of
the genes coding for MQO 1 from Staphylococcus aureus (MQO 1 S. aureus), MQO 2 from Staphylococcus aureus
(MQO 2 S. aureus), MQO from Helicobacter pylori (MQO H. pylori) and MQO from Plasmodium falciparum (MQO
P. falciparum).

Protein MQO 1 S. aureus, MQO 2 S. aureus, MQO H. pylori, MQO P. falciparum

Cell type E. coli C41

Medium Yeast EXtra(lgtY?rr)]d Tryptone Luria Bertani (LB) Terrific Broth (TB)

Gr_owth 4 hours 4 hours 4 hours Overnight
time

Inducer + + + ‘ - + ‘ -

Note: Protein expression induced with IPTG (+) and protein expression without induction (-).

In all tests the expression was induced with 1 mM of IPTG (isopropyl-B-D-thiogalactosidase) (Apollo
Sientific), at an optical density of 0.6 (ODsoo). Samples before and after induction were collected. The
expression of each protein was evaluated by SDS-PAGE (sodium dodecy! sulphate — polyacrylamide
gel electrophoresis). Samples were normalized by ODsoo and collected by centrifugation for 5 minutes,
at 2404 xg. The pellet was resuspended in 5 uL of loading buffer and 5 uL of water. Samples were boiled
for 5 minutes, injected in a 15 % acrylamide gel and subjected to 180 V for 1:30 hour, using a Mini-
PROTEAN® Electrophoresis System (BIORAD). PeqGold protein marker was used in the case of MQO
1 from S. aureus, MQO 2 from S. aureus and MQO from H. pylori samples and for the samples
corresponding to MQO from E. coli, Low molecular weight protein marker was used. Coomassie brilliant

blue was used to stain the gel after excess removal by a destaining solution was used.

3.2. Cell growth

The most promising results in expression tests were those corresponding to the expression of the gene
coding for MQOs from Staphylococcus aureus and Escherichia coli and thus these were the ones

selected to proceed with the respective biochemical and functional characterizations.

3.2.1. MOO 1 and MQO 2 from Staphylococcus aureus

C41 E. coli cells were transformed with plasmids containing the coding gene of MQO 1 S. aureus and
MQO 2 S. aureus. The selected plasmids contained a resistance cassette to kanamycin and thus cell
growth was performed in the presence of this antibiotic. The 4L growth was made using Terrific Broth
(TB) medium and 100 ug/mL of kanamycin (Roth) at 37 °C and at 180 rpm. To induce protein expression,
1 mM of IPTG (Apollo Sientific) was added to the media when cells reached an optical density of 0.6
(ODeoo). After an overnight growth, cells were harvested by centrifugation at 11305 xg, 10 minutes and
stored at -20 °C. Samples from this growth collected before and after induction were analyzed by SDS-
PAGE to evaluate the expression of the protein. The SDS-PAGE was done as described for the

expression tests.

12



3.2.2. MQO from Escherichia coli

E. coli Rosetta cells were selected to be transformed with the plasmid containing the gene encoding
MQO from E. coli. Kanamycin and chloramphenicol were present during the growths due to the
resistances of the plasmid and E. coli Rosetta cells, respectively.

Cells were grown in Yeast Extract and Tryptone (2YT) medium with 100 ug/mL of kanamycin (Roth) and
34 pg/mL of chloramphenicol (Roth) at 37 °C and 180 rpm, in a 4L growth. Protein expression was
induced in the same way as described for S. aureus MQO, as well as the cell harvesting and storage.
However, in this case the cells were collected 4 hours after induction.

Also, in this case, samples before and after induction were collected and expression of the protein was
evaluated by SDS-PAGE. The composition of all solutions and media used to perform expression tests,

cell growth and SDS-PAGE gels is presented in Tables 7.1 and 7.2, in appendix.

3.3.  Protein purification

The initial procedure for the purification of the three proteins, MQO 1 and MQO 2 from S. aureus and
MQO from E. coli was identical. In the three cases, 20 g of cells were resuspended in 50 mM
K2HPO4/KH2PO4 (potassium phosphate) pH 7 (VWR), 300 pg/mL lysozyme (Sigma-Aldrich), 250 mM
NaCl (Panreac AppliChem), 10 % glycerol (VWR), containing two complete protease-inhibitor cocktalil
tablets (Roche). The disruption of cells was performed using a Minilys equipment (Bertin), with three
cycles of 45 seconds at the maximum velocity.

Disrupted cells were separated from those non-disrupted by centrifugation at 4100 xg, for 15 minutes.
The resulting supernatant was further ultracentrifugated at 204709 xg for 2 hours in order to separate
the soluble fraction from the membrane one. The membrane fraction was homogenized in the presence
of 50 mM potassium phosphate pH 7 (VWR), 2 M NaCl (Panreac AppliChem), 10 % glycerol (VWR) and
one complete protease-inhibitor cocktail tablet (Roche), using a Potter-Evelhjem device. The presence
of 2 M NaCl was intended to release the electrostatically interacting membrane proteins, and thus the
membrane fraction was incubated in these conditions overnight with agitation at 4° C. In order to
separate the released proteins from the membranes, the overnight incubated fraction was
ultracentrifugated at 204709 xg, for 1 hour. The ionic strength of the resulting supernatant was
decreased to approximately 500 mM, by adding the same buffer without NaCl.

Both soluble and membrane fractions were injected separately in a Histrap High Performance column
(5 mL) (GE Healthcare), an affinity column loaded with nickel, which allows a strong interaction with the
6xHisTag from the produced proteins. The column was equilibrated with 50 mM potassium phosphate
pH 7 (VWR), 10 % glycerol (VWR), 250 mM NaCl (Panreac AppliChem) and the samples were eluted
with a concentration gradient from 0 to 250 mM of Histidines (Roth).

The membrane fraction obtained from the cells expressing the MQO from E. coli, and both the soluble
and the membrane fractions from the cells expressing MQO 2 from S. aureus were further injected in a

Q-Sepharose High Performance column (64 mL) (GE Healthcare) because these fractions did not
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absorb to the Histrap column. Q-sepharose is an anion exchange column, that separates substances
based on their charges using an ion-exchange resin with positively charged groups. The column was
equilibrated with 100 mM potassium phosphate pH 7 (VWR) and the samples were eluted with a gradient
from 0 to 1 M of NaCl (Panreac AppliChem).

All columns used in the chromatography procedures were connected to an AKTA Prime Plus system
(GE Heathcare) and the spectra of the eluted fractions were monitored on a Shimadzu UV-1900
spectrophotometer.

After the chromatography procedures, the samples were concentrated using an Ultra Centrifugal Filter

system (Amicon) with a cut-off of 30 kDa.

3.4. Protein quantification

The total protein quantification of the different fractions of MQO 1 and MQO 2 from S. aureus and MQO
from E. coli was determined by Pierce™ Bicinchoninic Acid Protein Assay (BCA) (Thermo Scientific)
using Bovine Serum Albumin (BSA) to do a calibration curve, in the range of 0 to 2 mg/mL. The
procedure followed the protocol provided by company32 and absorbances were obtained on a Shimadzu
UV-1900 spectrophotometer.

3.5. Mass Spectrometry

The expression and purification of MQO 1 from S. aureus was confirmed by mass spectrometry. A SDS-
PAGE band with its expected size was analyzed by mass spectrometry at the UniMS, ITQB/IBET.

The data was acquired in positive reflector MS and MS/MS modes using a 5800 plus MALDI TOF/TOF
(AB Sciex) mass spectrometer and a TOF/TOF Series Explorer Software v.4.1.0 (Applied Biosystems).
External calibration was performed using CalMix5 (Protea).

The identification process used a custom UniProt database with taxonomy restriction to Staphylococcus

aureus.

3.6. Identification of the flavin prosthetic group

The flavin prosthetic group was identified by reverse phase chromatography. The protein (20 pM MQO
1) was denatured by incubation at 100 °C for 5 min and removed by centrifugation and filtration with a
0.2 um filter (VWR). Then, the supernatant was injected in a Phenomenex, Luna C18 3 um (4.6 X 150
mm) column operated in a Dionex Ultimate 3000 HPLC system. The column was equilibrated with Buffer
A, 5 mM ammonium sulphate pH 6 and the protein was eluted in the same buffer with an isocratic
gradient from 10 to 80 % of Buffer B, methanol (Sigma-Aldrich) at 1 mL/min.

Flavin adenine nucleotide (FAD) (Panreac AppliChem) and Flavin mononucleotide (FMN) (Panreac

AppliChem) were also injected in the same column and used as standards.
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3.7. Determination of the oligomerization state

The oligomerization state of the protein was evaluated by a Native PAGE. The sample, 0.5 pg of MQO
1 from S. aureus with sample buffer and Coomassie G250 was loaded onto 4-16 % acrylamide gel and
submitted to 160 V, for 1 hour and 20 minutes in an Amersham ECL Gel BOX (Amersham). At the end,
the gel was stained with Coomassie G and destained with a destaining solution. The composition of all
solutions used is presented in Table 7.2.

3.8.  Catalytic activity assays

Catalytic activity assays were performed on a Shimadzu UV-1900 spectrophotometer, equipped with a
Peltier temperature controlling and a stirring system. The change in absorbance was monitored at 270
nm, the wavelength at which the AAbs of oxidized and reduced spectra of the DMN is higher (Figure
7.2, in appendix). The reaction solutions were in 50 mM potassium phosphate pH 7 (VWR), 250 mM
NaCl (Panreac AppliChem), 10 % glycerol (VWR) in the presence of the scavenging system, a mixture

of 5 mM glucose, 4 U ml™ glucose oxidase and 130 U mi~! catalase to ensure total O>-free conditions.

Activity assays were done using 3000 uM malate (Sigma-Aldrich) and 100 uM 2,3-Dimethyl-1,4-
naphthoquinone (DMN) (Sequoia Research Products), as electron donor and acceptor, respectively, at
37 °C. The reaction mixtures contained 125 nM MQO 1 from S. aureus, 250 nM MQO 2 from S. aureus
or 250 nM MQO from E. coli. In the case of MQO 2 from S. aureus, the lactate:quinone activity was also
tested using 3000 pM of lactate, because there are some studies stating that this protein is a

lactate:quinone oxidoreductase instead of a malate:quinone oxidoreductase?”.

3.9. UV-Visible Spectroscopy

All solutions were prepared in 50 mM potassium phosphate pH 7 (VWR), 250 mM NaCl (Panreac
AppliChem), 10 % glycerol (VWR) pH 7 buffer in the presence of a scavenging system, as mentioned
above. The reduction of MQO was done by the addition of malate (Sigma-Aldrich) in a proportion of
1:100 in the case of MQO 1 from S. aureus.

Spectra were collected in a range of wavelengths from 250 to 800 nm, at room temperature on a
Shimadzu UV-1900 spectrophotometer.

3.10. Steady-state Kinetic Assays

Steady-state Kinetic assays were performed in the same conditions as the catalytic activity assays. The
change in absorbance was monitored at the wavelength in which the AAbs of oxidized and reduced
spectra of the quinones is higher (Figure 7.2, in appendix), 278 nm or 270 nm according to the different
used quinones, 2,3-Dimethoxy-5,6-dimethyl-p-benzoquinone (DDB) (Sequoia Research Products) or
DMN, respectively. All reaction solutions were prepared in 50 mM potassium phosphate pH 7 (VWR),
250 mM NacCl (Panreac AppliChem), 10 % glycerol (VWR) in the presence of the scavenging system

mentioned above.
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The activity pH profile assays were done between pH 6 and 8.5. The reaction mixture was composed
of 3000 uM malate (Sigma-Aldrich), 100 uM DMN and 125 nM MQO 1 from S. aureus or 250 nM MQO
from E. coli.

The kinetic parameters for malate were determined by performing several assays using 100 uM DMN
or DDB and varying the concentrations of malate from 100 puM to 3000 puM. The kinetic parameters for
the quinones were obtained by performing assays in triplicate using different concentrations of quinones,
510 125 puM, and 3000 pM malate (Sigma-Aldrich).

To calculate the protein specific activity (umol min-*mg?) the extinction coefficient of the quinones were

used, 17545.8 M-icmt for DMN and 7272.5 M-*cm! for DDB. Michaelis Menten equation, Vo = Ymax 18]

Ky +[8]
was used to fit the data obtained and the determination of the maximum velocity (Vmax) and Michaelis

Menten constant (Km) was done using a non-linear least-squares regression. The reaction mixture

contained 3000 uM malate, 100 uM DMN and 125 nM MQO 1 from S. aureus.

3.11. Inhibition Assays

To assess the inhibition of the protein’s activity, 2-n-Hepthyl-4-hydroxyquinoline-N-oxide (HQNO) (Enzo
Life Sciences) was added, in the range from 1 to 100 puM. The reaction mixture contained 3000 uM
malate (Sigma-Aldrich), 100 uM DMN and 125 nM MQO 1 from S. aureus. The inhibition constant (Kj)
was determined by the equation, Vo = Vmax %
(1+3)
The assays done to determine the kinetic parameters were repeated in the presence of two
concentrations (10 and 20 pM) of HQNO, in order to determine the inhibition mechanism. The protein
specific activity (umol min-*mg) was calculated using the extinction coefficient of the DMN (17545.8 M-

cmt). The maximum velocity (Vmax) and Michaelis Menten constant (Kum) were determined by fitting the

data to the Michaelis Menten equation, Vo = Z’"“—’i[[ss]] , and using a non-linear least-squares regression,
M

as for the steady-state kinetic assays.

3.12. Fluorescence substrate binding studies

Protein-substrate interaction was evaluated by fluorescence spectroscopy. Fluorescence spectra were

obtain using a Fluorolog Jobin Yvon, Horiba and a detector power source TBX-PS.

The reaction mixture, 400 pL, was composed of 2 uM of MQO 1 from S. aureus in 50 mM potassium
phosphate pH 7 (VWR), 250 mM NaCl (Panreac AppliChem), 10 % glycerol (VWR). Independent
titrations were done with each substrate, DMN in the range of 0 to 100 uM and oxaloacetate (Sigma-
Aldrich), using concentrations from 100 to 3000 pM. Oxaloacetate was used instead of malate because
the protein will oxidize the malate and in this way the data obtained might include not only the effect

caused by the binding with the substrate but also the oxidation of the substrate.
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Figure 3.1- Chemical structures of malate (A) and oxaloacetate (B).

HQNO was also used, in concentrations between 0 and 125 uM, to titrate the protein and the protein
was also titrated with the substrates in the presence of 200 pM of HQNO.

Tryptophan fluorescence emission spectra were obtained at 25° C with an excitation wavelength of 295
nm in the case of DMN and HQNO, and 280 nm in the case of oxaloacetate. The excitation wavelength
selected for the DMN was 295 instead of 280 nm, the maximum of the absorption spectrum of
tryptophan, because the quinone also absorbs at 280 nm, so we selected a wavelength in which the
DMN does not absorb?®334, The obtained data were analyzed by normalizing the change in fluorescence

at 330 nm due to the addition of each substrate. In order to determine the substrate-enzyme dissociation

AFmax X [S]

constants (Kp), the obtained data was fitted using the equation AF = KD + 5]
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4. Results and Discussion

4.1. Biochemical characterization

Malate:quinone oxidoreductases have been the focus of several studies but information on their
biochemical characterization is still scarce, specifically due to non-optimized purification processes. In
order to obtain considerable amounts of pure protein for structural and functional characterizations,
several steps must be carried out, starting by optimization of the expression of the enzyme. In this way

several expression tests were performed as described in 3.1.

4.1.1. Expression of MQOs

Expression tests were performed in order to obtain the best conditions for the expression of the gene
that codes of each one of the five MQOs studied in this project, MQO 1 and MQO 2 from S. aureus,
MQO from E. coli, MQO from H. pylori and MQO from P. falciparum. Four different parameters were
tested for each protein, the type of expression cells, growth medium, the time of growth after induction
and in the case of TB medium, the presence or absence of inducer. Promising results for four of the five

proteins under study were obtained, as it is shown in Table 4.1.

Table 4.1- Results of the expression tests for the genes coding for the different MQQOs. The table shows the
conditions tested in the expression tests and respective results. (V) - Represent the results in which a band with
the expected size for each protein was observed in a SDS-PAGE gel.

Yeast Terrific Broth (TB)

Luria Extract and
Cells Protein Bertani Tryptone With Without

(LB)* 2YT)* induction induction

MQO 1 Staphylococcus aureus

MQO 2 Staphylococcus aureus

E.coli | MQO Escherichia coli v
Rosetta

MQO Helicobacter pylori

MQO Plasmodium falciparum

MQO 1 Staphylococcus aureus

MQO 2 Staphylococcus aureus
MQO Escherichia coli

E. coliC43
pLysS

MQO Helicobacter pylori

MQO Plasmodium falciparum

MQO 1 Staphylococcus aureus v

MQO 2 Staphylococcus aureus v
MQO Helicobacter pylori v

MQO Plasmodium falciparum

E. coliC41

*In the cases where LB and 2YT media were used, IPTG was always used to induce the protein expression.
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In the case of E. coli C41 cells, it was not tested the expression of the gene coding for MQO from E. coli
because it was already found one promising result for the expression of this gene using other cells.

The expression of the proteins under study was analyzed by SDS-PAGE gel. The samples tested were
collected before the induction with IPTG and at the end of the growth, which in the case of the cells
expressing MQO from E. coli was four hours after induction and in the other cases was sixteen hours
(overnight) after induction. Figure 4.1 shows the respective SDS-PAGE gels indicating the band region

with the expected size of each protein.

MQO 1 from S. aureus MQO 2 from S. aureus MQO from E. coli MQO from H. pylori
(E. coli C41 cells) A (E. coli C41 cells) B (E. coli Rosetta cells) [ (E. coli C41 cells) D
kDa kDa kDa v kDa
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130

100 =
70

170 170 97.4
130 , 130 |

100 100 66.2
70 70
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40 40
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35 35

% 25 215
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Figure 4.1- SDS-PAGE gels of broken cells expressing genes coding for different MQOs. SDS-PAGE gel: Stacking
and Resolving Gel — 15 % acrylamide. A- MQO 1 from S. aureus (molecular mass ~ 57 kDa); B- MQO 2 from S.
aureus (molecular mass ~ 55 kDa); C- MQO from E. coli (molecular mass ~ 60 kDa); D- MQO from H. pylori
(molecular mass ~ 50.6 kDa); Lane 1: Cells before induction with 1 mM of IPTG; Lane 2: Broken cells 4 hours after
induction; Lane 3: Cells 16 hours after induction; M- PeqGold protein marker (A, B and D) or Low molecular weight
(LMW) protein marker (C). Red boxes indicate the regions of the protein bands corresponding to the sizes of each
MQO.

Among the four genes coding for MQOs that were successfully expressed, MQO from H. pylori was not
considered to proceed to the next steps, due to time restrictions. The other three enzymes, MQO 1 and
MQO 2 from S. aureus and MQO from E. coli, were used to perform large scale cell growths and proceed
to the purification. For that, the conditions revealed to be the best in the expression tests were used for
large scale growth (four liters) in order to get a significant quantity of cells for purification. Cell samples
obtained before induction and at the end of growth were collected, as in the expression tests, and

analyzed by SDS-PAGE to ensure that the gene coding for the protein was being expressed.
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MQO 1 from S. aureus MQO 2 from S. aureus MQO from E. coli

(E. coli C41 cells) (E. coli C41 cells) (E. coli Rosetta cells)
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Figure 4.2- Expression of three genes coding for MQOs during large scale growths. SDS-PAGE gel: Stacking and
Resolving Gel — 15 % acrylamide. A- MQO 1 from S. aureus (molecular mass ~ 57 kDa); B- MQO 2 from S. aureus
(molecular mass ~ 55 kDa); C- MQO from E. coli (molecular mass ~ 60 kDa). Lane 1: Broken cells before induction
with 1 mM of IPTG; Lane 2: Broken cells 4 hours after induction; M- PeqGold protein marker. Red boxes indicate
the regions of the protein bands corresponding to the sizes of each MQO.

In Figure 4.2 we can observe that the gene coding for the protein of interest is being expressed in the
three studied cases. Another important aspect for the optimization of the purification process is the cell
yield of the growth. In the case of MQO 1 and MQO 2 from S. aureus the growth yield was 4 g/L whereas
in the case of MQO from E. coli it was 2 g/L. After obtaining 100 g of cells expressing each one of the

MQOs we proceeded with the purification process.

4.1.2. Purification of MQO 1 and MQO 2 from S. aureus and MQO from E. coli

The purification process was almost the same for the selected MQOs, MQO 1 and MQO 2 from S.
aureus and MQO from E. coli. After separating membranes from the other cell components by
ultracentrifugation, we obtained the soluble fraction that was stored. The resulting membranes were
homogenized using a buffer with a high concentration of sodium chloride and incubated overnight. The
high salt concentration aims at decreasing the protein-membrane interactions and removing the protein
from the membrane. After the incubation another ultracentrifugation was performed from which a
membrane fraction (supernatant) and membranes (pellet) were obtained. The membrane fraction
resulted from washing the membranes with 2 M NaCl and thus a decrease in ionic force before injection

in an affinity column, an Histrap High Performance 5 mL column, was mandatory.

During the purification process, samples from each step were collected and evaluated by SDS-PAGE

to confirm the presence of the protein of interest in all the samples.

41.2.1. MQO 1from S. aureus

The purification of MQO 1 from S. aureus involved several steps, which were all monitored by SDS-
PAGE. Figure 4.3 presents the results of the respective electrophoresis. In lane 1, corresponding to
unbroken cells, a band with the expected size (~57 kDa) is observed. This band is as pronounced as
the one present in the lane 2 that corresponds to the disrupted cells. One explanation for this result may

be the inefficiency of the disrupting cell process. Another hypothesis includes the possibility that the
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protein was improperly produced and so inclusion bodies were formed. Inclusion bodies are normally
observed in cells that are highly expressing genes coding for recombinant proteins, being very difficult
to get the protein of interest from these structures. In this case, the use of chaotropic agents like urea is
necessary. In this way, the sample loaded in lane 1 may also be the combination of the two cases,

unbroken cells and presence of inclusion bodies.

The homogenization and incubation with 2 M of NaCl was done to extract the protein from the
membranes, but the observation of a very intense band with the expected size in lane 6, corresponding
to the membranes, suggests that the process was not totally efficient. So, it is possible to conclude that
the process to remove the protein from the membranes still needs optimization.

Figure 4.3- SDS-PAGE gel of samples from all the steps in the purification of MQO 1 from S. aureus. SDS-PAGE
gel: Stacking and Resolving gel — 15 % acrylamide. Molecular mass of MQO 1 (S. aureus): ~ 57 kDa. Lane 1:
Unbroken E. coli C41 cells; Lane 2: Broken E. coli C41 cells; Lane 3: Soluble fraction; Lane 4: Fraction washed with
2 M of NaCl; Lane 5: Membrane fraction; Lane 6: Membranes; M- PeqGold protein marker. Red box shows the
band with the size of MQO 1 from S. aureus.

All proteins were expressed with a 6xHisTag, which allows the protein to interact with a metal affinity
column. In the case of MQO 1 from S. aureus the membrane fraction was injected in a Histrap HP (5
mL) column loaded with Ni?*.
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Figure 4.4- Chromatogram obtained from the purification of MQO 1 from S. aureus using an Histrap HP (5 mL)
column. Buffer A: 50 mM potassium phosphate pH 7, 10 % glycerol, 250 mM NacCl; Buffer B: 50 mM potassium
phosphate pH 7, 10 % glycerol, 250 mM NacCl, 250 mM Histidines. The dark grey line represents the Abs2sonm and
in light grey line the % of 250 mM Histidines is represented. Red box corresponds to the MQO 1 from S. aureus
peak fraction.
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Figure 4.4 shows the chromatogram obtained using the Histrap and it is possible to observe that there
is only one peak that corresponds to an elution with 10 % of Buffer with histidines (Buffer B).
UV-Visible spectroscopy was performed to evaluate the presence of the protein of interest in the eluted
sample, since this protein is a flavoprotein and it has the characteristic spectrum of a flavin, presenting
bands with maxima at 375 and 450 nm, as the one showed in Figure 7.2, in the appendix. From the
analysis of the UV visible spectra it was possible to confirm the success in the purification of MQO 1
from S. aureus.

The collected fraction was concentrated using an Ultra Centrifugal Filter system with a cut-off of 30 kDa

and after the sample purity was assessed by SDS-PAGE and a UV-Visible spectrum.
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Figure 4.5- SDS-PAGE gel and UV-Visible spectrum of the isolated MQO 1 from S. aureus. A- SDS-PAGE gel of
the purified MQO 1 S. aureus (molecular mass: ~ 57 kDa) . SDS-PAGE gel: Stacking and Resolving gel — 15 %
acrylamide. M- PeqGold protein marker was used; Red box shows the band corresponding to MQO 1 from S.
aureus. B- UV-Visible spectrum of the isolated MQO 1 from S. aureus in 50 mM potassium phosphate pH 7, 10 %
glycerol, 250 mM NaCl (diluted 1:10). The insert highlights the region between 250 and 550 nm.

It was possible to conclude that the sample was not completely pure because the SDS-PAGE gel (Figure
4.5-A) reveals the presence of other protein bands besides that corresponding to MQO 1 from S. aureus.
Furthermore, the sample presents an UV visible spectrum characteristic of a flavoprotein with maxima
at 375 and 450 nm (Figure 4.5-B) but we also observe another band. This band, around 410 nm, may
correspond to the absorption band of a contaminant, cytochrome3®. Nevertheless, this sample was used

for further characterization.

4.1.2.2. MQO 2 from S. aureus

Figure 4.6 shows the evaluation of the purification process of MQO 2 from S. aureus by SDS-PAGE
analyses. Comparing lane 1 and lane 2 is possible to observe in lane 1, that corresponds to the unbroken
cells, a band with the expected size (~55 kDa) much more intense than the one corresponding to the
broken cells sample (lane 2). This result means that the process of breaking the cells was not completely
efficient, as mentioned before in the case of MQO 1. Also, in this case we cannot exclude a possible

formation of highly aggregated protein commonly referred to as inclusion bodies.
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In addition, as it happened in the case of MQO 1 from S. aureus, in lane 6, corresponding to the
membranes, there is a band with the expected size. So, this part of the purification process from
membranes that includes the homogenization and incubation with NaCl still needs optimization in order
to obtain higher amounts of protein.
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Figure 4.6- SDS-PAGE gel with the samples from all the steps in MQO 2 from S. aureus purification process. SDS-
PAGE gel: Stacking and Resolving Gel — 15 % acrylamide. Molecular mass of MQO 2 (S. aureus): ~ 55 kDa; Lane
1: Unbroken E. coli C41 cells; Lane 2: Broken E. coli C41 cells; Lane 3: Soluble fraction; Lane 4: Fraction washed
with 2 M of NaCl; Lane 5: Membrane fraction; Lane 6: Membranes; M- PegGold protein marker. Red box shows
the band with the size of MQO 2 from S. aureus.

For the purification of MQO 2 from S. aureus, both soluble and membrane fractions were selected to be
injected in the Histrap HP (5 mL) column. Contrary to the case of MQO 1 from S. aureus, in lane 5,
which corresponds to the membrane fraction, it is possible to observe a very thin band around 55 kDa.
In order to obtain high amounts of purified protein and since the band was also present in the soluble
fraction, represented in lane 3, this fraction was also injected in the same column. The chromatograms
corresponding to the injection of both the soluble and the membrane fractions of MQO 2 from S. aureus

are shown in Figure 4.7.
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Figure 4.7- Chromatograms obtained from the purification of MQO 2 from S. aureus using an Histrap HP (5 mL).
A- Chromatogram obtained with the injection of soluble fraction of MQO 2 from S. aureus; B- Chromatogram
obtained by the injection of membrane fraction of MQO 2 from S. aureus; Buffer A: 50 mM potassium phosphate
pH 7, 10 % glycerol, 250 mM NaCl; Buffer B: 50 mM potassium phosphate pH 7,10 % glycerol, 250 mM NacCl, 250
mM Histidines. The dark grey line represents the Abszsonm, in light grey line the % of 250 mM Histidines is
represented. Red boxes correspond to MQO 2 from S. aureus elution.
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The analysis by UV-Visible spectroscopy of each sample from the two chromatographic procedures
showed that the protein did not adsorb to the column, because the samples that showed a characteristic
spectrum of a flavoprotein were the ones present in the beginning of the chromatogram. This means
that the samples injected in the columns did not adsorb to it. This situation can occur in cases where
the 6xHisTag is not exposed to the matrix of the column and in this way the protein is not able to interact
with it.

To further attempt to purify MQO 2 from S. aureus, we decided to inject the protein in a Q-Sepharose
High Performance (64 mL) column. This column was selected because it is used in the host lab to purify
other monotopic proteins and it is an anion exchange column that separates proteins according to their
charges. Considering the principle of this column, if the sample has a high ionic strength it will not absorb
to the column because the ions present in the sample will interact more strongly with the column than
the protein. This means that we had to decrease the ionic strength of both soluble and membrane
fractions. In the case of the soluble fraction, it was possible to decrease the ionic strength by adding a
buffer such as Buffer A used for the Histrap column but without NaCl because the ionic strength was
lower than in the case of the membrane fraction for which we had to do a dialysis. Afterwards, the

samples with the correct ionic strength were injected in the Q- Sepharose HP (64 mL) column.
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Figure 4.8- Chromatograms obtained from the purification of MQO 2 from S. aureus using a Q- Sepharose HP (64
mL) column. A- Chromatogram obtained with the injection of soluble fraction of MQO 2 from S. aureus; B-
Chromatogram obtained by the injection of membrane fraction of MQO 2 from S. aureus; Buffer A: 100 mM
potassium phosphate pH 7; Buffer B: 100 mM potassium phosphate pH 7, 1 M NaCl. The dark grey line represents
the Absasonm, in light grey line the % of 1 M NaCl is represented. Red boxes correspond to MQO 2 from S. aureus
elution.

Figure 4.8-A/B presents the chromatograms for the purification of both soluble and membrane fractions
of MQO 2 from S. aureus and it is possible to observe that the proteins in each fraction were separated.
Analyzing the UV-Visible spectra of the eluted samples it was possible to confirm the presence of MQO
2 from S. aureus in both fractions since the spectrum typical of a flavoprotein was observed. The elution
of MQO 2 from S. aureus took place with 40 % of Buffer with NaCl (B) in both soluble and membrane
fractions. The MQO 2 from S. aureus purified from the soluble fraction was designated Fraction A and

the protein purified from the membrane fraction, Fraction B.

25



Fractions A and B were concentrated using the same system as the one used for MQO 1 from S. aureus.

In order to assess the purity of the samples, these were analyzed by SDS-PAGE and UV-Visible

spectroscopy (Figure 4.9).
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Figure 4.9- UV-Visible spectra and SDS-PAGE gel of the isolated MQO 2 from S. aureus. A- UV-Visible spectrum
of Fraction A; B- UV-Visible spectrum of Fraction B; Samples in 50 mM potassium phosphate pH 7, 10 % glycerol,
250 mM NaCl. The figures show a zoom of the region between 250 and 550 nm; C- SDS-PAGE gel of the purified
MQO 2 S. aureus (molecular mass: ~ 55 kDa); SDS-PAGE gel: Stacking and Resolving Gel — 15 % acrylamide;
Lane 1- Fraction B; Lane 2- Fraction A; M- PeqGold protein marker. Red box shows the band corresponding to
MQO 2 from S. aureus.

The spectra of Fraction A (Figure 4.9-A) and Fraction B (Figure 4.9-B) are typical of flavoproteins, having
the characteristic bands with maxima at 375 and 450 nm. Beyond this, looking at Figure 4.9-C, the SDS-
PAGE gel shows that there are more bands than the one corresponding to MQO 2 S. aureus. Taking
these two observations into account, we can conclude that despite the fractions having the characteristic
spectra of a flavoprotein, the SDS-PAGE gel shows the presence of other proteins. Nonetheless, we

decided to continue the characterization of these samples and test malate:quinone oxidoreductase

activity.

4.1.2.3. MQO from E. coli

The purification of MQO from E. coli followed the same procedure as that of MQO 2 from S. aureus,
although the protein was purified only from the membrane fraction. Figure 4.10 shows all the samples
of MQO from E. coli along the purification process, evaluated by SDS-PAGE. As in the case of the other
two proteins (MQO 1 and MQO 2 from S. aureus) it is possible to observe a band with the expected size
(~60 kDa) in all lanes, including lane 5, which corresponds to the membranes. This means once again

that the extraction process from the membranes was not completely efficient and still needs optimization.
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Figure 4.10- SDS-PAGE gel of the samples from all the steps of MQO from E. coli along the purification process.
SDS-PAGE gel: Stacking and Resolving Gel — 15 % acrylamide. Molecular mass of MQO (E. coli): ~ 60 kDa; Lane
1: Broken E. coli Rosetta cells; Lane 2: Soluble fraction; Lane 3: Fraction washed with 2 M of NaCl; Lane 4:
Membrane fraction; Lane 5: Membranes; M- PeqGold protein marker. Red box shows the band with the size of
MQO from E. coli.

In Figure 4.10 it is possible to observe that in lanes 2 and 4, corresponding to soluble and membrane
fractions, respectively, there is a tiny band with the expected size, so both fractions were injected in the
Histrap HP (5 mL) column.

The chromatograms corresponding to the injection of both soluble and membrane fractions of MQO
from E. coli in the Histrap column are shown in Figure 4.11.
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Figure 4.11- Chromatogram obtained from the purification of MQO from E. coli using an Histrap HP (5 mL) column.
A- Chromatogram obtained with the injection of soluble fraction of MQO from E. coli; B- Chromatogram obtained
by the injection of membrane fraction of MQO from E. coli; Buffer A: 50 mM potassium phosphate buffer pH 7, 10
% glycerol, 250 mM NacCl; Buffer B: 50 mM potassium phosphate pH 7, 10 % glycerol, 250 mM NacCl, 250 mM
Histidines. The dark grey line represents the Abszsonm, in light grey line the % of 250 mM Histidines is represented.
Red boxes correspond to MQO from E. coli elution.

Figure 4.11-A presents the chromatogram obtained from the injection of the soluble fraction in the
Histrap HP (5 mL) column. It is possible to observe that there is one peak corresponding to an elution
with 10 % of Buffer with histidines (Buffer B). As in the other cases, UV-Visible spectroscopy was used
to confirm the presence of the protein of interest in the eluted sample. The analysis of the UV visible

spectra showed that this collected sample is a flavoprotein. This fraction was designated Fraction A.
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Figure 4.11-B shows the chromatogram of the membrane fraction of MQO from E. coli. The analysis by
UV-Visible spectroscopy showed that the protein did not adsorb to the column, because the samples
with the characteristic spectrum of a flavoprotein, were those that eluted first. This result means that the
protein did not adsorb to the column which can happen when the tag is not exposed.

As the membrane fraction did not absorb to the Histrap column, we decided to inject it in a Q-Sepharose
High Performance (64 mL) column, an anion exchange column. As previously explained, we had to
decrease the ionic strength due to the interaction between the column and the ions present in the
sample. To decrease the ionic strength a dialysis, against a buffer such as Buffer A used for the Histrap
column but without NaCl, was done before injecting the sample in the Q- Sepharose HP (64 mL) column.
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Figure 4.12- Chromatogram obtained from the purification of membrane fraction of MQO from E. coli using a Q-
Sepharose HP (64 mL) column. Buffer A: 100 mM potassium phosphate pH 7; Buffer B: 100 mM potassium
phosphate pH 7, 1 M NaCl, pH 7. The dark grey line represents the Abszsonm, in light grey line the % of 1 M NaCl is
represented. Red box corresponds to MQO from E. coli elution.

Figure 4.12 presents the chromatogram for the purification of the membrane fraction of MQO from E.
coli. This chromatogram shows that it was possible to separate the proteins present in the injected
fraction since there are different peaks at different elution volumes. After the analysis of the UV-Visible
spectra of the eluted samples it was possible to confirm the presence of MQO from E. coli in one sample
that had the characteristic spectrum of a flavoprotein. The elution of this sample was with 35 % of Buffer

with NaCl (Buffer B) and this sample was designated Fraction B.

Fraction A, eluted from the Histrap column, and Fraction B obtained using the two columns mentioned
above, were concentrated using the same system as the one used for MQO 1 and 2 from S. aureus. In

order to assess the purity of the samples, SDS-PAGE and UV-Visible spectroscopy were performed

(Figure 4.13).
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Figure 4.13- UV-Visible spectra and SDS-PAGE gel of the purified MQO from E. coli. A- UV-Visible spectrum of
Fraction A (diluted 1:10); B- UV-Visible spectrum of Fraction B; Samples in 50 mM potassium phosphate pH 7, 10
% glycerol, 250 mM NacCl. The figures show a zoom in the region between 250 and 550 nm; C- SDS-PAGE gel of
Fraction A (MQO from E. coli); D- SDS-PAGE gel of Fraction B (MQO from E. coli); Molecular mass of MQO (E.
coli): ~ 60 kDa; SDS-PAGE gel: Stacking and Resolving Gel — 15 % acrylamide. M- PeqGold protein marker. Red
boxes show the band corresponding to MQO from E. coli.

Figure 4.13-A/B shows the spectra of the two purified fractions of MQO from E. coli where it is possible
to observe that the spectrum of Fraction B is characteristic of a flavoprotein (bands with maxima at 375
and 450 nm). The spectrum of Fraction A also has the same characteristic bands but with less protein
since the peaks are not so pronounced as in the spectrum of Fraction B.

In addition to the UV-Visible spectra, SDS-PAGE gels of the purified samples were done (Figure 4.13-
C/D). In Fraction A (Figure 4.13-C) it is possible to observe that this fraction is not pure. Besides the
band with the expected size there are other bands, showing that this fraction has other proteins. The
SDS-PAGE gel of the other purified fraction (Fraction B) shows few bands with the band of interest with

the expected size. The purified fractions were further characterized.

4.1.3. Protein quantification

At the end of the purification process for the three MQOSs, the purified protein was quantified using the
Bicinchoninic Acid Protein Assay Kit. This kit quantifies the total amount of protein in the samples using
a BSA protein as a standard.

For each MQO that was isolated, we selected one sample based on the respective SDS-PAGE results
and UV-Visible spectrum. The selected samples were quantified not only in terms of total protein but

also in terms of the flavin content, since the protein of the interest is a flavoprotein. The absorbance at
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450 nm was used to calculate the concentration of flavin using the Lambert-Beer law36. The obtained

quantification values are reported in Table 4.2.

Table 4.2- Quantification of total protein and flavin content of the samples of MQO 1 and MQO 2 from S. aureus
and MQO from E. coli.

MQO 1 S. aureus | MQO 2 S. aureus | MQO E. coli

Total protein 5.43 8.59 9.31
(mg/mL)
[Flavin]
(mg/mL) 1.16 043 12

We observed that MQO 1 from S. aureus is the one presenting the best flavin/total protein ratio (ratio:
1/5). These results agree with those from SDS-PAGE and UV visible spectroscopy already discussed.
Indeed, the fractions of MQO 2 from S. aureus and MQO from E. coli showed the presence of more
contaminants than the fraction of MQO 1 from S. aureus, confirming the ratios obtained and presented
in Table 4.2. Accordingly, the flavin content (Table 4.2) is higher in the cases of MQO 1 from S. aureus
and MQO from E. coli than for MQO 2 from S. aureus.

4.1.4. Protein identification

In order to confirm the identity of the isolated protein, the band with the size corresponding to that of
MQO 1 from S. aureus (~57 kDa) present in the SDS-PAGE gel (Figure 4.5) was analyzed by mass
spectrometry at the UniMS IBET/ITQB. As the protein under study is from Staphylococcus aureus, the
database used had a taxonomy restriction to this microorganism. The protein band analyzed was
identified, with 49 % of sequence coverage, as Probable malate:quinone oxidoreductase (assay report

in Figure 7.2, appendix).

4.1.5. Identification of the flavin prosthetic group

A flavoprotein, as described above, may contain FAD, FMN or other types of flavin as prosthetic group.
However, by UV-Visible spectroscopy, it is not possible to distinguish between them because both
compounds have similar spectra with maxima at 375 and 450 nm. In order to determine which of the
flavin prosthetic group MQO 1 from S. aureus contains, a reverse phase chromatography was
performed.

Commercial FAD and FMN were used as standards, being injected to the column to obtain the retention
time of each prosthetic group. After that, a sample with the flavin prosthetic group of the MQO 1 from S.
aureus, was injected to the same column. In this way we could compare the retention time and determine
which prosthetic group was present in the sample of MQO 1 from S. aureus. The retention times of the

three samples are presented in the Table 4.3.
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Table 4.3- Retention times of the flavin prosthetic groups. Retention times of the standards (FAD and FMN) and
sample injected in a reverse phase column operated in a HPLC system.

Sample Retention time
. (mL)
FAD 12.0
FMN 12.7
MQO 1 from 12.0
S. aureus

The retention times present in Table 4.3 show that the sample with the prosthetic group of MQO 1 from
S. aureus has the same retention time as the FAD sample. This result means that MQO 1 from S. aureus

has a FAD as a prosthetic group.

4.1.6. Oligomerization state of MOQO

The oligomerization is a process that associates monomers in non-covalently bound macromolecular
complexes. There are experimental evidences that MQOs from other organisms are present in different
oligomerization states, so we decided to determine the oligomerization state of MQO 1 from S. aureus.
For that, a Blue Native PAGE was done using the purified sample of MQO 1 from S. aureus.
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Figure 4.14- Blue Native PAGE gel with MQO 1 from S. aureus (molecular mass: ~ 57 kDa); Acrylamide gel- 4 a
16 %; M- Marker for Native PAGE. Red box shows the band corresponding to MQO 1 from S. aureus.

The gel in the Figure 4.14 shows a very pronounced band with a molecular mass around 66 kDa. This
band may correspond to MQO 1 from S. aureus, which has a molecular mass around 57 kDa.
Considering that the gel has an inherent error that can explain the difference between the molecular
masses, it is possible to conclude that the protein is predominantly a monomer.

It is also possible to observe that the gel has more bands than the one corresponding to MQO 1 from

S. aureus, which can be explained by the impurity of the sample, already observed in the SDS-PAGE
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gel. The other explanation for this is that the protein can be in different oligomerization states in solution

(Figure 4.5), a dimer in this case.

4.2, Functional Characterization

The functional characterization of proteins is just as important as the biochemical characterization. The
results obtained for the biochemical characterization allowed us to proceed to the functional
characterization in which we aimed to explore the catalytic mechanism of these enzymes and their

interaction with both substrates, malate and quinone.

4.2.1. Catalytic activity assays

Malate:quinone oxidoreductase activity assays were performed for the three purified proteins using both
substrates, malate and quinone (DMN). In addition, the possibility that MQO 2 from S. aureus uses
lactate instead of malate was also tested, as it has been suggested that this protein may be a
lactate:quinone oxidoreductase (LQO). The absence of oxygen in the reaction was guaranteed by the
presence of the so-called scavenging system, a mixture composed of two enzymes (glucose oxidase

and catalase) and glucose that consumes all the oxygen present in the reaction mixture reducing it to

water (Figure 7.3, in appendix).
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Figure 4.15- Catalytic activity assays with MQO 1 from S. aureus (A), MQO 2 from S. aureus (B and C) and MQO
from E. coli (D). Assays done in aerobic conditions, using scavenging system, at 37 °C in 50 mM potassium

phosphate pH 7, 10 % glycerol, 250 mM NacCl.
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Figure 4.15 shows the catalytic activity assays, following the change in absorbance of DMN at 270 nm.
As expected, the absorbance of DMN decreases when the protein is added to the assay since quinone
is reduced to quinol.

In the case of MQO 1 from S. aureus (Figure 4.15-A) we observed a pronounced slope after the addition
of the protein, meaning that the protein has malate:quinone oxidoreductase activity. Figure 4.15-B
shows the activity assay using MQO 2 from S. aureus where we did not observe a decrease in the
absorbance at 270 nm, which means that the protein did not use the given substrates, malate and DMN.
This result was not totally unexpected because there are some studies stating that this protein might be
a lactate:quinone oxidoreductase (LQO), instead of a malate:quinone oxidoreductase. In this way, we
performed an activity assay changing malate for lactate (Figure 4.15-C), but again we did not observe
a decrease in the absorbance at 270 nm. These results revealed that the purified MQO 2 from S. aureus
was not active in the conditions tested, so it is necessary to test other conditions to determine which are
the best conditions for MQO 2 from S. aureus being active. It is also important to keep in mind that the
protein was not identified by mass spectrometry, so there is a possibility that the purified protein may
not be MQO 2 from S. aureus and, in this case, it is necessary to optimize the expression conditions.
Concerning MQO from E. coli we observed a decrease in the absorbance at 270 nm, meaning that this

enzyme has malate:quinone oxidoreductase activity, as MQO 1 from S. aureus (Figure 4.15-D).

Considering these results, MQO 1 from S. aureus and MQO from E. coli were selected to proceed with

the functional characterization.

4.2.2. Enzymatic activity pH profile

Enzymatic activity can be affected by a variety of factors, such as temperature, protein and substrates
concentration and pH. Each enzyme has an optimal pH range and changing the pH outside of this range
will slow the enzyme activity. In addition, extreme pH values can cause the denaturation of proteins and
for that reason the pH is also an important factor in the stability of enzymes. In order to determine the
optimal pH of MQO 1 from S. aureus and of MQO from E. coli, a pH profile for each one was performed.
Experiments were done under O2-free conditions, guaranteed by the scavenging system, at 37 °C,
varying the pH values from pH 6 to pH 8. The activity of the proteins was obtained by following the
change in absorbance of DMN at 270 nm, malate was used as electron donor and quinone the electron

acceptor. The pH profiles for both proteins are presented in Figure 4.16.
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Figure 4.16- pH profile of MQO 1 from S. aureus (A) and of MQO from E. coli (B). Assays were performed under
anaerobic conditions, using scavenging system, at 37 °C, in 50 mM potassium phosphate, 10 % glycerol, 250 mM
NaCl pH values between 6 and 8. Each point, presented with error bars, corresponds to duplicate experiments
using 100 uM DMN, 3000 uM malate and 125 nM of MQO 1 from S. aureus or 250 nM of MQO from E. coli.

The highest activities for both enzymes were obtained at pH 7 which is consistent with the cytoplasmic

pH of these microorganisms37:38 (Figure 4.16).

4.2.3. Reduction of MQO

An oxidation:reduction (redox) reaction is a type of chemical reaction that involves a transfer of electrons
between two species. The reaction catalyzed by MQO is a redox reaction, since there is an oxidation of
malate that reduces the FAD, involving the transfer of electrons and a reduction of the quinone that
subconsequently re-oxidizes FADH.. To determine if this protein is redox active, UV-Visible
spectroscopy was used. The spectra were done in the presence of the scavenging system to deplete

oxygen in solution.
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Figure 4.17- UV-Visible spectrum of MQO 1 from S. aureus oxidized (light grey) and reduced (dark grey) with 1000
UM malate, in 50 mM potassium phosphate pH 7, 10 % glycerol, 250 mM NacCl. Spectra were obtained under
anaerobic conditions ensured by the scavenging system, 37 °C using 10 pM MQO1 from S. aureus. The inserted
figure expands absorption spectrum in the 250-550 nm region.
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Figure 4.17 shows the spectra of the oxidized and the reduced states of MQO 1 from S. aureus. The
oxidized form presents a spectrum showing the characteristic bands with maxima at 375 and 450 nm of
a flavoprotein, already seen in Figure 4.5.

To reduce the protein, malate was added in a proportion of 1:100 and as can be observed in the Figure,
the reduced state is characterized by the loss of absorption in the 375-450 nm region. We also attempted
to re-oxidize the protein by adding the quinone, DMN, but it was impossible to observe the oxidation of
the enzyme since DMN was in a very high concentration (1:100) and its addition leads to protein

precipitation.

4.2.4. Steady-state Kinetic Assays

The catalytic mechanism of an enzyme is the process of using a specific substrate and transforming it
into products. To understand the catalytic mechanism, we investigated the kinetics of the enzyme by
using the best-known model of enzyme kinetics, the Michaelis-Menten model. The Michaelis-Menten
model is used to predict the rate of product formation and is defined by an equation that describes the

rate of enzymatic reactions, considering the reaction rate and the concentration of the substrate. In this

equation, Vo = ‘;’"“—’;[[:]] where Vmax represents the maximum rate achieved by the enzyme and the Kwu is
M

the Michaelis Menten constant defined by the substrate concentration that the enzyme needs to reach
half of the maximum rate. This model is used to explain the reactions that occur between an enzyme
and a substrate, but it can be also used for multi-substrate reactions if we keep constant the
concentration of one of the substrates and vary the concentration of the other one. In this case, the
enzyme will behave as a single substrate enzyme and we can determine the parameters of each

substrate individually.

Considering that, steady-state kinetic assays using MQO 1 from S. aureus and MQO from E. coli were
done varying the concentrations of one substrate and keeping the other one constant, in order to
determine the kinetic parameters for each MQO. In the case of MQO from E. coli, the experiments were
also performed using another quinone, DDB, because E. coli can synthesize both quinones depending
on the growth conditions (aerobic or anaerobic) and we wanted to investigate if there was any difference
in the activity by using different quinones. The results of these assays are shown in Figure 4.18, in which
the values were obtained from two independent assays and the respective error bars are also

represented.
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Figure 4.18- Steady-state analyses of MQO 1 from S. aureus and of MQO from E. coli. Malate:quinone
oxidoreductase activity as function of the concentration of DMN (A) or malate (B) using 125 nM MQO 1 from S.
aureus. Malate:quinone oxidoreductase activity as function of the concentration of DMN or DDB (C) or malate (D)
using 250 nM MQO from E. coli. The data points were fitted with a Michaelis-Menten equation (full line), Vo=(Vmax
[S])/(Km+[S]). All the assays were done under anaerobic conditions, using a scavenging system, at 37 °C in 50 mM
potassium phosphate pH 7, 10 % glycerol, 250 mM NaCl.

Figure 4.18 describes a dependency on the substrate for both MQOs, the increase in the substrate
concentration increases the activity of the protein until it reaches the maximum velocity. At this stage,
the increase of the substrate’s concentration does not affect the maximum velocity. This behavior is

characteristic of a Michaelis-Menten mechanism.

In the case of MQO 1 from S. aureus, the Vmax values determined from the curves in Figure 4.18-A/B,
were 27.0 + 0.6 and 26.1 + 0.1 pmol min-tmg* while the Km values were 61.4 + 3.8 and 646.5 + 9.0 uM,
for DMN and malate, respectively (Table 7.3, in appendix). Malate has a higher Ku value than the DMN,
meaning that the enzyme needs more amount of malate for the reaction to occur. The Ku value is an
inverse measure of the substrate's affinity for the enzyme, if the Km value is higher, it means that the
protein has less affinity for that substrate. So, in the case of MQO 1 from S. aureus, we can conclude
that the protein has more affinity for DMN than for malate, since it has a lower Ku value than for DMN.
For MQO from E. coli, the kinetic parameters were first determined for the two quinones, DMN and DDB
(Figure 4.18-C), the number of points in each curve is different due to the available amount of protein.
The Vmax values were 5.0 + 0.2 and 12.3 + 0.2 umol min~*mg* and the Ku values were 53.1 + 3.4 and
22.7 £ 1.5 pM, for DMN and DDB, respectively (Table 7.4, in appendix). Considering the Vmax values,
we observe that the protein reaches a higher activity when it uses DDB and this observation is confirmed

by the Km values, since the Km value for DDB is lower than the one for DMN. This result is in agreement
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to our previous work since all the growths were performed in aerobiosis and E. coli only expresses DDB

in aerobic conditions, this quinone being the preferred one.

The enzyme also showed a Michaelis-Menten behavior toward malate where the kinetic constants were
also determined in the presence of both quinones (Figure 4.18-D). The Vmax values were 5.1 + 0.2 and
11.6 £ 0.0 pmol min-tmg-! while the Km values were 242.0 + 21.4 and 202.1 + 9.9 puM in the presence of
DMN and DDB, respectively (Table 7.5, in appendix). These results show that the maximum velocity is
affected differently by the two quinones, since the Vmax values obtained were very different, reaching a
higher maximum velocity with DDB as substrate. In addition, it is possible to observe that the Km values
are very similar, which means that the affinity of malate for MQO is similar whether the second substrate
is DMN or DDB. Comparing the Vmax values obtained in the case of MQO from E. coli it is possible to

observe that the maximum velocity that the protein can reach is dependent on which quinone is used.

4.2.5. Inhibition assays

An enzyme inhibitor is a molecule that can bind to the protein and decrease its activity. HQNO, a quinone
analogue, was used to perform inhibition assays in order to understand the effect of this inhibitor in the
activity of MQO 1 from S. aureus. These assays were done using different inhibitor concentrations and
the obtained data are shown in Figure 4.19.
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Figure 4.19- Steady-state analyses of the activity of MQO 1 from S. aureus in the presence of HQNO. Inhibition
assays were performed in the presence of 3000 pM malate, 100 pM DMN, 125 nM MQO 1 from S. aureus, under
anaerobic conditions, using scavenging system, at 37 °C in 50 mM potassium phosphate pH 7, 10 % glycerol, 250
mM NacCl. The concentrations of HQNO tested were 0,1, 5, 10, 50 and 100 pM.

Figure 4.19 shows a decrease in the activity of MQO 1 from S. aureus with the increase of HQNO
concentration, meaning that HQNO is an inhibitor of this protein. In addition, the catalytic activity of the

enzyme is only affected by about half by the presence of the inhibitor. The inhibition constant (Ki) was

[

. . . . < 1+8 = .
determined using the obtained data and the equation Vo' = Voma ((+ B[I}‘ ) and the value obtained was
1

Ki

5.1+ 0.8 pM.

Considering this result, we decided to investigate how the inhibitor affects the kinetic parameters of the

MQO 1 from S. aureus. For that, two concentrations of HQNO were selected, 10 and 20 pM and the
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steady-state kinetic assays for MQO 1 were repeated but this time in the presence of each one of HQNO

concentrations, Figure 4.20.
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Figure 4.20- Steady-state analyses of the activity of MQO 1 from S. aureus in the presence of two different
concentrations of HQNO. Malate:quinone oxidoreductase activity as function of the concentration of DMN (A) or
malate (B) using 125 nM MQO 1 from S. aureus in the presence of 0 uM (circles), 10 uM (squares) or 20 uM
(triangles) of HQNO; All assays were performed under anaerobic conditions, using scavenging system, at 37 °C in
50 mM potassium phosphate pH 7, 10 % glycerol, 250 mM NacCl.

In Figure 4.20, it is possible to observe a dependency on the substrate, by increasing the concentration
of the substrates, there is an increase on the activity of the protein until it reaches the maximum velocity.
The characteristic Michaelis-Menten’s behavior already observed in the absence of the inhibitor is also

observed in its presence.

Figure 4.20-A, that represents malate:quinone oxidoreductase activity as function of the concentration
of DMN, shows that the increase of the inhibitor concentration causes a gradual decrease in protein
activity. Whereas in Figure 4.20-B, presenting malate:quinone oxidoreductase activity as function of the
concentration of malate, the addition of the inhibitor causes a strong decrease to half of the protein
activity but there is no difference in protein activity between the two HQNO concentrations used.

From the data obtained and using the Michaelis-Menten equation, it was possible to calculate the kinetic
parameters for MQO 1 in each condition and the obtained results are shown in Table 4.4 for DMN and

Table 4.5 for malate.

Table 4.4-Kinetic parameters of MQO 1 from S. aureus obtained for DMN in the presence of 0, 10 and 20 pM
HQNO. Determination of kinetic parameters was done using the Michaelis-Menten equation.

DMN
0 pPM HQNO 10 uM HQNO 20 UM HQNO
K (M) 61.4+ 3.8 62.7 + 5.9 (+ 2 %) 99.1 + 5.0 (+ 62 %)
Vmax (LMol mintmg?) 27.0+0.6 21.0+0.9 (- 22 %) 18.4 £ 0.5 (- 32 %)
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Table 4.5-Kinetic parameters of MQO 1 from S. aureus obtained for malate in the presence of 0, 10 and 20 uM
HQNO. Determination of kinetic parametrs was done using the Michaelis-Menten equation.

Malic acid
0 M HONO 10 uM HQNO 20 pM HQNO
Knm (M) 646.5 + 9.0 615.8 + 39.8 (- 5 %) 609.2 + 3.4 (- 6 %)
Vimax (Mol minimg?) | 27.0+ 0.6 13.7 + 0.2 (- 49 %) 13.2+ 0.1 (- 51 %)

The Vmax values listed in Tables 4.4. and 4.5 confirm the observation on Figure 4.20 that in the case of
DMN the increase of the inhibitor’s concentration causes a gradual decrease in the maximum velocity,
while in the case of malate, adding the inhibitor causes a stronger decrease in the maximum velocity,
but there is no difference on the Vmax when the concentration of the inhibitor increases from 10 to 20
UM.

In addition, the obtained Km values showed that the inhibitor seems to only affect the partial reaction
with DMN. The Kwu values for malate in the presence and absence of the inhibitor are very similar, the
presence of the inhibitor translates into a 5 % decrease, which means that the affinity of the protein to
this substrate is not affected by the presence of HQNO. On the other hand, the Ku values for DMN
increase with the increasing of the inhibitor concentration. The presence of 20 uM of inhibitor causes an
increase in the Ku value by 62 %, meaning that HQNO affects the affinity of the protein to the quinone.

Concluding, the Vmax values of both substrates showed that the inhibitor decreases the activity of the
protein, although in the case of DMN it is a gradual decrease (22 % and 32 %) and in the case of malate
it is a stronger decrease (49 % and 51 %). In addition, the presence of HQNO seems to only affect the
affinity of the protein to DMN, since the Km value of malate in the presence of 20 pM of inhibitor

decreases by 6 % and in the case of DMN it increases by 62 %.

4.2.6. Fluorescence substrate binding studies

There are different techniques to investigate protein-substrate interaction, such as Saturation Transfer
Difference Spectroscopy and Isothermal Titration Calorimetry. In this work, we used a fluorescence

quenching methodology.

Fluorescence studies provide information about the changes in fluorescence of specific protein residues
or cofactors, such as tryptophan residues, caused by environmental changes due to the presence of a
molecule that interacts with the protein. Since MQO 1 from S. aureus has six tryptophan residues in its
sequence and tryptophan when excited at 280 nm has a fluorescence emission spectrum with a
maximum around 330 nm, it was possible to investigate the protein-ligand interaction using fluorescence
quenching studies.

For these studies, three independent titrations were done with DMN ranging from 0 to 100 uM and for
oxaloacetate using concentrations from 100 to 3000 uM (Figure 4.21). In these experiments we used
oxaloacetate instead of malate to avoid protein reduction by the malate, and to only observe protein-

ligand interaction and not the consequence of oxidoreduction reactions. The obtained data were
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AFmax x [S]

KD + 5] in order to determine the substrate-enzyme dissociation

analyzed by the equation AF =

constants (Kp) of DMN and oxaloacetate.

In addition, we aimed to investigate the effect of HQNO in both DMN and oxaloacetate interactions, but
for that it was necessary to investigate the interaction of the protein alone with HQNO. In order to know
how the inhibitor interacts with the protein, three independent titrations of HQNO ranging from 0 to 125
UM were done and the obtained data were also fitted using the same equation as above (Figure 4.21).
Finally, in order to investigate if the interaction of both substrates, DMN and oxaloacetate, with the
protein, was affected by the presence of the inhibitor, the titrations of DMN and oxaloacetate were

repeated but this time in the presence of 200 uM HQNO (Figure 4.21).
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Figure 4.21- Protein-substrate interaction studies. A- Change in fluorescence emission at 330 nm with excitation
at 295 nm of MQO 1 from S. aureus by sequential addition of DMN (closed circles) and in the presence of HQNO
(open circles); B- Change in the fluorescence emission at 330 nm with excitation at 280 nm of MQO 1 from S.
aureus by sequential addition of oxaloacetate (closed triangles) and in the presence of HQNO (open triangles). C-
Change in the fluorescence emission at 330 nm with excitation at 280 nm of MQO 1 from S. aureus by sequential

addition of HQNO (open squares). The solid lines were obtained by fitting the data using the equation AF =
AFmax X [S]
KD +[S] °

The substrate-enzyme dissociation constants (Kp) were determined according to the equation

mentioned above and the values are presented in Table 4.6.
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Table 4.6- Substrate-enzyme dissociation constants of MQO 1 from S. aureus determined for both substrates in
the absence and in the presence of HQNO.

DMN in the Oxaloacetate in the

DA presence of HQNO CPEGEEEEE presence of HQNO

Kb (LM) 111.8+8.1 119.1+5.7 1572.2 + 256.4 1448.6 = 90.0

In Figure 4.21, it is possible to observe that the maximum decrease in tryptophan fluorescence (AFmax)
in the presence of DMN and oxaloacetate, when titrated independently, is around 65 % and 75 %,
respectively, while the AFmax of HQNO is approximately 30 %. These different values of AFmaxindicate
that the environment of the tryptophan residues is perturbed differently by the DMN, oxaloacetate and
HQNO. In the case of the titrations in the presence of HQNO, it is possible to observe that the interaction
of oxaloacetate with MQO has exactly the same behavior as the one in the absence of HQNO, meaning
that the environment of the tryptophan residues involved in the interaction of the protein with
oxaloacetate is not perturbed by the presence of HQNO. While in the case of the DMN titration, the
curve obtained in the presence of HQNO shows slight differences from, which we can suppose that the
environment of the tryptophan residues that are involved in the interaction of the protein with DMN is
perturbed in the presence of the inhibitor.

Considering the obtained Kp values represented in Table 4.6, we can observe that they are very similar
both in the presence and absence of the inhibitor, which implies that HQNO seems to not strongly affect
the interaction of the substrates with MQO. Combining these Kp values with the results shown in Figure
4.21, we can conclude that the environment of the tryptophan residues is perturbed by HQNO alone,
but there are no changes when the inhibitor is combined with one of the substrates, the Ko values being
the same. This result is also in agreement with the fact that HQNO only inhibits half of the activity of
MQO 1 from S. aureus, proving not to be a strong inhibitor and showing that new assay trials with other

inhibitors are needed in the future.
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5. Conclusion

MQOs are proteins widely distributed in the three domains of life but absent in humans. We aimed to
investigate MQOs from different pathogenic organisms due to their threat to human health. In this study,
MQOs from Staphylococcus aureus, Escherichia coli, Helicobacter pylori and Plasmodium falciparum
were selected, since these proteins are considered potential drug targets to produce pharmaceuticals
against these pathogenic organisms. We aimed to biochemically and functionally characterize these
proteins. In addition, since the selected organisms synthetize different quinones depending on the
growth conditions (aerobic or anaerobic) it was also our objective to study the effect of different quinones
in the activity of the MQOs.

The expression tests allowed us to find the best condition for the expression of the four MQOs and three
of them, MQO 1 and 2 from S. aureus and MQO from E. coli, were successfully purified. The purified
samples showed a characteristic flavin UV-Visible spectrum and we could observe a band with the
respective expected size in the SDS-PAGE gel. MQO 1 from S. aureus and MQO from E. coli showed
malate:quinone oxidoreductase activity and mass spectrometry analysis of MQO 1 from S. aureus
confirmed its identity. We were unable to get mass spectrometry data form the MQO from E. coli and
MQO 2 from S. aureus. The isolated MQO 2 from S. aureus did not present malate:quinone
oxidoreductase activity in the conditions tested, so it is necessary to determine which are the best
conditions to the protein being active. Nevertheless, the protein identity must still be confirmed.

The pH profile of MQO from E. coli revealed that the optimal pH of the protein activity is at pH 7, which
is in agreement with the cytoplasmic pH of E. coli. The steady-state kinetic studies performed with two
different quinones, DMN and DDB, showed that the protein has higher activity when DDB is the electron
acceptor, meaning that the purified MQO from E. coli prefers DDB instead of DMN, which agrees with
the fact that the growth was performed under aerobic conditions and DDB is synthesized in those
conditions.

MQO 1 from S. aureus was identified by mass spectrometry, and the prosthetic group FAD was detected
by reverse chromatography. In addition, this protein showed to be redox active and the native PAGE
gel revealed that MQO 1 from S. aureus is mainly a monomer in solution. The enzyme presented a
characteristic Michaelis-Menten behavior toward the two substrates, requiring more malate than DMN
to reach the maximum velocity. The activity of this protein is affected by HQNO, a quinone inhibitor, and
the inhibition assays showed that the presence of this inhibitor decreases the affinity of the protein for
DMN, while the affinity to malate is not affected. Fluorescence spectroscopic data revealed that DMN,
oxaloacetate and HQNO perturb differently the environment of the tryptophan residues of MQOs. In
addition, it was observed that HQNO alone perturbs the environment of the tryptophan residues, but
when the substrates were titrated in the presence of this inhibitor there are no changes in the
environment of the tryptophan residues, suggesting that HQNO does not affect tightly the interaction of
both substrates with MQO.
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This work provides a thorough investigation of MQOs and opens new perspectives for future studies in
this field. In the future, Fast Kinetic assays can be performed in order to determine the rate constants of
the two half-reactions (the reduction of the quinone to quinol and the oxidation of the malate to
oxaloacetate) and investigate which half-reaction is the rate limiting step. Since HQNO showed to be a
weak inhibitor of MQO, the screening of new inhibitors can also be performed in order to explore stronger
inhibitors. Whereas the structure of a protein is associated with its function, obtaining the crystal
structure of MQOs by X-ray crystallography will be a very important requirement for the investigation of
these proteins.

Since MQOs have a crucial role on the metabolism of different pathogenic organisms, it is our goal to

deepen the investigation of these proteins in functional and structural terms.
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7. Appendix

14
1.2
1.0
0.8
0.6

Absorbance

0.4
0.2

0

250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 7.1- Flavin adenine nucleotide UV-Visible spectrum.
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Figure 7.2- UV-Visible spectra of oxidized (light grey) and reduced (dark grey) DMN (A) or DDB (B) with NaBHa. A-
The AAbs is higher at 270 nm. B- The AAbs is higher at 278 nm. AAbs represents the difference in the absorbance
between oxidized and reduced spectra. Spectra obtained in an anaerobic chamber, using 20 pM or 75 pM of DMN
or DDB, respectively, and 2 mM of NaBHa.

Table 7.1- Compositions of the media used to perform expression tests and cell growth.

Media Reagent (Brand) Quantity
Yeast Extract (VWR) 59
Luria Bertani Agar (LA) NaCl (Panreac) 10¢g
(1000 mL) Tryptone (VWR) 10g
Agar (VWR) 10g
, , Yeast Extract (VWR) 59
Luria Bertani (LB) 10
(1000 mL) NaCl (Panreac) g
Tryptone (VWR) 10¢g
Yeast Extract and Tryptone | Yeast Extract (VWR) 109
(2YT) NaCl (Panreac) 59
(1000 mL) Tryptone (VWR) 16 g
KH2PO4 (VWR) 2.314 g
Terrific Broth (TB) KzHPO4 (VWR) 12.541¢
(2000 mL) Tryptone (VWR) 10.8 g
Yeast Extract (VWR) 2169
Glycerol (VWR) 4 mL
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Table 7.2- Composition of the solutions used in SDS-PAGE and NATIVE PAGE gels.

Solution Reagent (Brand) Quantity
Tris-HCI (Panreac) 4 mL
SDS (Bio-Rad) 0.8g
. Bromophenol Blue (Sigma- Aldrich) | 0.04 g
Loading Buffer (9 mL) Glycerol (VWR) 26 mL
B-mercaptoethanol (Sigma- Aldrich) | 0.4 mL
Urea (Panreac) 3.84¢
Brilliant Blue (Sigma- Aldrich) 05¢
Coomassie (310 mL) Methanol (Sigma- Aldrich) 250 mL
Acetic Glacial Acid (Sigma- Aldrich) | 50 mL
L . Ethanol (LaborSpirit) 400 mL
Distaining Solution (1000 mL) Acetic Glacial Acid (Sigma- Aldrich) | 100 mL
g Tris-HCI (Panreac) 69
w Running Buffer pH 8.3 (2000 mL) Glycine (Carl Roth) 4049
2 SDS (Bio-Rad) 29
o Tris-HCI (Panreac) 1829
8 Resolving gel Buffer pH 8.8 (100 mL) | SDS (Bio-Rad) 0.3g¢g
0 Tris-HCI (Panreac) 69
Stacking gel Buffer pH 6.8 (100 mL) SDS (Bio-Rad) 049
H20 2.3mL
Resolving gel Buffer pH 8.8 2.6 mL
Resolving gel 15 % Acrylamide (Sigma- Aldrich) 5mL
TEMED (Sigma- Aldrich) 0.004 mL
APS (Carl Roth) 0.1 mL
H20 1.4mL
Stacking gel Buffer pH 6.8 0.27 mL
Stacking gel 15 % Acrylamide (Sigma- Aldrich) 0.33 mL
TEMED (Sigma- Aldrich) 0.002 mL
APS (Carl Roth) 0.02 mL
Anode Running Buffer pH 6.8 (20x) BisTris (Sigma- Aldrich) 209.2 ¢
(2000 mL) Tricine (Sigma- Aldrich) 179.2 g
- Anode Ijigg'g%ﬁ;mer (1x) Anode Running Buffer pH 6.8 (20x) | 50 mL
g’ Cathode R(uzr:srg)lnn%guffer (20x) Coomassie G-250 (Sigma- Aldrich) 19
E Cathode Running Buffer (1x) Anode Running Buffer pH 6.8 (20x) | 10 mL
w (200 mL) Cathode Running Buffer (20x) 10 mL
E BisTris (Sigma- Aldrich) 0.418¢g
<ZE Ssample Buffer (4) 6 N HCI (Fluka) 0.107 mL
(10 mL) Glycerol (VWR) 4g
NaCl (Panreac) 0.117 g
Ponceau S (Sigma- Aldrich) 0.0004 g
G-250 (10 mL) Coomassie G-250 (Sigma- Aldrich) 05¢g
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Figure 7.3- Mass Spectrometry Unit Assay Report. Report of the analysis to the identification of the protein purified.
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Figure 7.4- Reactions of Scavenging System. (1)- Glucose Oxidase consumes oxygen and glucose to form
hydrogen peroxide. (2)- Catalase consumes the hydrogen peroxide formed in (1) and yielding molecular oxygen
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Table 7.3- Kinetic parameters of MQO 1 from S. aureus obtained for DMN and malate. Determination of kinetic
parameters was done using the Michaelis-Menten equation.

DMN Malate
Km (LM) 61.4+3.8 646.5 + 9.0
Vmax (LMol min-tmg-1) 27.0+0.6 26.1+0.1

Table 7.4- Kinetic parameters of MQO from E. coli obtained for DDB and DMN. Determination of kinetic parameters

was done using the Michaelis-Menten equation.

DDB DMN
Kwm (LM) 22.7+15 53.1+3.9
Vmax (LMol min-tmg-1) 12.3+0.3 5.0£0.2

Table 7.5- Kinetic parameters of MQO from E. coli obtained for malate

kinetic parameters was done using the Michaelis-Menten equation.

using DDB and DMN. Determination of

DDB DMN
Km (LM) 202.1+9.9 242.0+21.4
Vmax (LMol min-tmg-t) 11.6 +0.0 51+0.2
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