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Preamble

In high-income countries, cancer is the leading cause of death, and it is the second cause worldwide [START_REF] Dagenais | Variations in common diseases, hospital admissions, and deaths in middle-aged adults in 21 countries from five continents (PURE): a prospective cohort study[END_REF]. Furthermore, as CVD (CardioVascular Diseases) rates continue to fall, cancer could likely become the leading cause of death worldwide, within just a few decades. It is a major cause of morbidity in France, where the estimated annual number of cancer-related deaths is more than 150 000 (INCa report, 2019).

Cancer is one of the most important health problems with various mechanisms of pathogenesis, some of them remaining unknown. In addition, its capacity to produce temporary or permanent damage, besides death, is very high: for patients who survived 5 years after diagnosis, more than 60% suffer from after effects (INCa report, 2019). Although many anticancer therapies are available, the 2009-2015 five years survival rate in USA is around 70 % overall, and for some localisations by far lower: pancreas 10 %, lung 21% (American Cancer Society website, 2020).

Cancers have a high requirement for methionine in comparison with non-cancerous cells, and its deprivation in cancer cells induces growth arrest and cell death, whereas normal cells are much more resistant [START_REF] Sato | Methionine gamma-lyase: The unique reaction mechanism, physiological roles, and therapeutic applications against infectious diseases and cancers[END_REF].

As methionine is an essential aminoacid, a permanent diet without methionine is not practically possible. Methionine depletion can be achieved using the methionine gamma-lyase INTRODUCTION 2

I. Methionine deprivation as an anticancer strategy

Normal cells can synthesize sufficient methionine endogenously for growth requirements from homocysteine through methionine synthase [START_REF] Parkhitko | Methionine metabolism and methyltransferases in the regulation of aging and lifespan extension across species[END_REF], which renders normal cells largely resistant to methionine depletion. Conversely, most cancer-cell types require exogenous methionine for survival and therefore methionine restriction is a promising avenue for treatment. One of the early studies conducted in diet restriction evaluated several outcomes produced from regimens lacking specific amino acids in rats with Walker-256 carcinosarcoma tumor [START_REF] Sugimura | Quantitative nutritional studies with watersoluble, chemically defined diets. VIII. The forced feeding of diets each lacking in one essential amino acid[END_REF]. Diets lacking valine, isoleucine or methionine showed decreased tumor growth. These results have promoted the discovery of methionine gamma lyase (MGL), an enzyme that metabolizes methionine, as a more effective and rapid method to deplete serum methionine.

II. Methionine Metabolism and cancer therapy

Methionine is an essential amino acid; it is involved in many biological processes. There are at least two major functions of methionine with relevance to cancer biology: 1) polyamine synthesis, and 2) methyl group donation (Figure 1).

Polyamine synthesis

Methionine is a precursor for the polyamines. These organic compounds with two or more amine functions are recognized as having substantial and fundamental roles in various biological systems, including their involvement in growth and proliferation of mammalian cells.

Studies have shown that elevated levels of polyamines are associated with increased tumour growth, so methionine depletion provokes a disruption in the cell cycle, inducing apoptosis [START_REF] Morgan | Polyamines. An overview[END_REF][START_REF] Thomas | Polyamines in cell growth and cell death: molecular mechanisms and therapeutic applications[END_REF].

DNA methylation

DNA methylation is one of the most intensely studied epigenetic modifications in mammals.

In normal cells, it assures the proper regulation of gene expression and stable gene silencing.

Methionine is used for the biosynthesis of S-adenosylmethionine (SAM), the universal methyl donor for the methylation of DNA, RNA, histones, phospholipids, catecholamines, and proteins. These epigenetic modifications are crucial to regulate the functioning of the genome by changing chromatin architecture. Methionine restriction has the potential to affect cancer development and progression through modifying DNA methylation patterns. 

III. Methionine Gamma Lyase (MGL), a tool for Methionine restriction

The traditional chemotherapy treatment has been the primary one for cancer based on its ability to inhibit rapidly dividing cancer cells (Khamisipour et al., 2016), but it has toxic effects on normal cells. It induces side effects in a high percent of patients, and some cancers resist to this treatment. Further studies explored the use of MGL for reducing methionine as an antitumor strategy. This enzyme has shown efficacy against human tumours propagated in nude mice, either administered alone or in combination with chemotherapy [START_REF] Yoshioka | Anticancer efficacy in vivo and in vitro, synergy with 5-fluorouracil, and safety of recombinant methioninase[END_REF]. The advantage of anticancer therapy using MGL is its wide range of target tumours, including those resistant to the conventional chemotherapies and radiation. Methioninase treatment provides a novel paradigm for cancer therapy.

MGL is an enzyme present in bacterial species, in plants, and absent in mammals. It directly degrades sulfur-containing amino acids (Met, Cys) into an α-keto butyrate and a volatile methanethiol (Figure 2). Its active site is formed at the interface of two neighboring subunits.

It forms a homotetramer; each subunit of which contains one pyridoxal 5'phosphate (PLP) cofactor (Figure 3).

IV. Previous studies on bacterial MGL from Pseudomonas putida for cancer treatment

MGL is widely distributed in bacteria, for instance in Pseudomonas aeruginosa and in other bacteria like Brevibacterium aurantiacum, Clostridium sporogenes or Citrobacter freundii, in parasitic protozoa like Trichomonas vaginalis and in some plants like Arabidopsis thaliana [START_REF] Sato | Methionine gamma-lyase: The unique reaction mechanism, physiological roles, and therapeutic applications against infectious diseases and cancers[END_REF]. It is induced by the addition of L-methionine to the culture medium.

MGL from Pseudomonas putida

Amongst the cited MGL sources, P. putida is reported to be the best source for MGL production, so a lot of work has been performed on this MGL (Pp-MGL) to prepare possible therapeutic use. Previous experiments on Pp-MGL showed that it induced growth arrest and death of cancer cells. It has an anticancer cytotoxicity that has been demonstrated in a mouse model. However, during the transition to the monkey, this MGL caused anaphylactic shocks.

Pegylation (conjugation to polyethylene glycol) trials of the enzyme in order to reduce allergenicity have altered its stability [START_REF] Machover | Effects in Cancer Cells of the Recombinant l-Methionine Gamma-Lyase from Brevibacterium aurantiacum. Encapsulation in Human Erythrocytes for Sustained l-Methionine Elimination[END_REF]. Therefore, the development of
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In addition to this limitation, the therapeutic exploitation of MGL from Pseudomonas putida showed two other limitations: i) it is rapidly inactivated in human serum, and ii) it is not specific for methionine, but also degrades cysteine with possible undesirable effects.

Undesirable effects of Cys degradation

Cysteine is an aminoacid that plays several roles in the human body, so its degradation may cause undesirable effects:

-The alteration of endogenous GSH synthesis: cysteine is responsible for the synthesis and maintenance in adequate cell quantity of glutathione. It is an important antioxidant and its degradation induces oxidative stress.

-The decrease in CoA synthesis, the first step of which is the addition of an L-Cys to phosphopantothenate. So the deficiency in CoA has important consequences on the Krebs cycle, lipid synthesis, neurotransmission, histone acetylation, etc.

-The decrease in the incorporation of L-Cys into proteins, altering specificities of the proteins, such as the binding to various metals, some post transcriptional modifications, etc. ,and under three PLP concentrations (i.e.,20,100,and 200 mM). Bars are the mean of experiments done in quadruplicate [START_REF] Machover | Effects in Cancer Cells of the Recombinant l-Methionine Gamma-Lyase from Brevibacterium aurantiacum. Encapsulation in Human Erythrocytes for Sustained l-Methionine Elimination[END_REF].

V. MGL from Brevibacterium aurantiacum, a new approach for cancer therapy

The use of the MGL from Pseudomonas putida being a dead end, another MGL, produced by the cheese bacterium Brevibacterium aurantiacum, has been identified at INRA Grignon, in collaboration with Dr Machover's team. The idea was to use this MGL from a non-pathogenic bacterium for cancer therapy (INRA / INSERM patents 2012 and[START_REF] Marant-Micallef | Approche et méthodologie générale pour l'estimation des cancers attribuables au mode de vie et à l'environnement en france métropolitaine en 2015 / overall approach and methodology to estimate cancers attributable to lifestyle and environmental risk factors in metropolitan france in[END_REF]. Given that it is abundantly present in food, the risk of allergy is minimized. In addition, it is specific of the degradation of L-methionine and its precursor, L-homocysteine (Table1), like MGL from Arabidopsis thaliana [START_REF] Goyer | Functional characterization of a methionine gamma-lyase in Arabidopsis and its implication in an alternative to the reverse trans-sulfuration pathway[END_REF]. Conversely, other bacterial MGLs also degrade cysteine.

Dr. Machover's team tested the cytotoxicity of Brevibacterium aurantiacum MGL on many tumor lines in vitro. They found that Ba-MGL was cytotoxic on 33 of the 35 human cancer cell lines tested (the two that resist, SW480 and SW620, are from the same clone: primary tumor and metastasis). On the other hand, it was not toxic to normal cells (Table 2).

However, under conditions that are increasingly approaching in vivo conditions, Ba-MGL loses its activity in plasma or in PBS supplemented with human serum albumin (HSA) after 8 hours of incubation. Its activity is restored when adding PLP in PBS supplemented with human serum albumin (Figure 4). Therefore, Dr. Machover's team supposed that this loss of activity was due to the leakage of PLP and binding to other proteins (in particular HSA). This problem was less important with Pp-MGL whose activity in the human serum lasts longer [START_REF] Machover | Effects in Cancer Cells of the Recombinant l-Methionine Gamma-Lyase from Brevibacterium aurantiacum. Encapsulation in Human Erythrocytes for Sustained l-Methionine Elimination[END_REF]. 

VI. Previous results on Ba-MGL variants

To improve the affinity of MGL from Brevibacterium aurantiacum, it was suggested to imitate the sequence and the structure of Pp-MGL which retains PLP better than Ba-MGL.

Based on the sequences alignment (BLASTp, NCBI) we identified the conserved positions close to PLP (Annex 1). The superposition of the 3D structures of Ba-MGL and Pp-MGL indicated 4 different residues: (Thr92, Met 97, Phe 187 and Met 218) in Ba-MGL, corresponding respectively to Ser, Ile, Tyr and Thr in Pp-MGL (Figure 5). Four mutants were designed by single point mutation replacing Ba-MGL residues by the corresponding amino acids that interact with PLP in the crystallographic structure of Pp-MGL.

These mutants were characterized by dialysis in order to identify those that best retain PLP (Figure 6). It was found that the Pp-MGL retains the PLP much better during dialysis than Ba-MGL, which is in accordance with previous studies of Dr Machover's team (unpublished) indicating that this difference was observable in vivo or in plasma.

The Ba-MGL produced by GTP society (external provider, France) and that produced by UMR DYSCOL, as shown in Figure 6, are not significantly different as regards to dialysis. That means that the presence of the Histag, the cleavage site for the TEV protease, and additional hinge residues added by the construction of GenScript do not influence the ability of MGL to retain the PLP.

A little improvement of PLP retention was obtained for only one variant: M97I. However, dialysis of this variant was carried out only once and it would be necessary to estimate the measurement error before being able to affirm that this variant retains the PLP better than the MGL WT of Brevibacterium aurantiacum.

These tested point mutants of Brevibacterium aurantiacum have not shown improvement in the retention of PLP. For a better result, it was proposed to test variants carrying several point mutations, namely the four mutations: T92S+M97I+M218T+F187Y and the double mutations:

M97I+M218T (the latter instead of M218I that decreases significantly the PLP retention).

OBJECTIVES

Figure7: Ribbon representation of the crystal structure of the Ba-MGL tetramer at very low resolution (3.6 Å)

OBJECTIVES

The main objective of this project is to improve by enzymatic engineering the affinity of the Ba-MGL for its cofactor pyridoxal phosphate (PLP) in order to use the variant enzyme in anticancer therapy. For this, the method used was the imitation of the active site of the MGL from Pseudomonas putida for two reasons: i) its crystal structure is solved and ii) its activity lasts longer than that of Ba-MGL in the human plasma. In this context, the objectives of my internship were as follows:

 Cloning, expression in E. coli and purification of new mutants. They were chosen and guided by bioinformatics partners.

 Dialysis to search the best Ba-MGL variants that stronger retain the PLP cofactor.

To significantly improve Ba-MGL, bioinformatics modelling appears necessary. For this, a high-resolution crystallographic structure of Ba-MGL is extremely useful. The Dyscol group solved a crystallographic structure of Ba-MGL but with very low resolution (3.6 Å) (Figure 7).

Therefore, the second objective was to crystallize:

 Ba-MGL: alone or with PLP;

 Ba-MGL variants: alone or with PLP;

 At-MGL: except Ba-MGL, the only MGL specific of methionine degradation. This strain is used to express certain recombinant proteins. It has in its genome the sequence encoding the RNA polymerase of phage T7 under the control of an inducible promotor with IPTG. This allows the expression of proteins whose gene is inserted into a plasmid of pET type, and placed under the control of the T7 promoter. In addition, this strain is deficient for certain proteases Lon and OmpT, which increases the yield of the overexpressed protein.

MATERIAL AND METHODS

Plasmid used

pET-28a (+) -TEV : a commissioned construction from GenScript, which includes a gene for resistance to the antibiotic Kanamycin, a NheI / SacI cloning site and a histidine tag in the Nterminal position followed by a cleavage site by the TEV protease to remove the Histag after the affinity step (figure 8).

Culture media

Each medium was autoclaved at 120 °C for 20 min under a pressure of 1 bar.

-LB Rich medium (Luria Bertani): this rich medium is composed of tryptone (20 g / L), yeast extract (5 g / L), NaCl (5 g / L). The pH is adjusted to 7.5 by adding NaOH. For agar media, agar is added at the right rate 17 g / L of culture medium before sterilization. In order to select the recombinant clones, the appropriate antibiotic (kanamycin) is added after sterilization. This medium is used in precultures for the production of different proteins.

-TB medium (Terrific Broth) is a proprietary medium formulation used for the cultivation of recombinant strains of E. coli. This medium is supposed to improve the yield of recombinant proteins, it uses glycerol as a carbon source and has a rich nutrient base of amino acids, vitamins, inorganic minerals and trace minerals. The medium is buffered at pH 7.2 ± 0.2.

-SOC rich medium: tryptone (20 g / L), yeast extract (5 g / L), NaCl (9 mM), KCl (2.5 mM), MgCl2 (10 mM), MgSO4 (10 mM), glucose (20 mM). This medium is used for regeneration of competent bacteria after transformation.

Table 3: Composition of the buffer solutions used

Buffer Composition

Washing buffer A for HisTrap (500 ml)

NaCl (100 mM), HEPES (50 mM), TCEP (0.5 mM), Imidazole (10 mM for A), PLP (20 µM), pH 7.5

Elution buffer B for HisTrap (100 ml)

NaCl (100 mM), HEPES (50 mM), TCEP (0.5 mM), Imidazole (500 mM ), PLP (20 µM), pH 7.5 S200 buffer (500 ml) NaCl (100 mM), HEPES (50 mM), TCEP (0.5 mM), PLP (20 µM), pH 7.5 SDS-PAGE migration buffer (600 ml)

MOPS (3-morpholino-1-propanesulfonic acid) SDS running buffer (Invitrogen)

SDS-PAGE gel deposition blue Laemmli

SDS 4%, glycerol 20% v/v, 2-mercaptoethanol 10% v/v, bromophenol blue 0.004% and Tris HCl 0.125 M, pH 6.8

Coomassie blue staining solution

Coomassie blue G 250 0,9 % w/v ; ammonium sulfate 10 % w/v ; orthophosphoric acid 1,6% w/v; ethanol 20 % v/v S200 buffer for dialysis (500 ml) NaCl (100 mM), HEPES (50 mM), pH 7.5

Buffer solutions

Commonly used buffers are described in table 3.

Solutions for crystallisation tests

Buffer solutions used in cristallisation tests are described in annex 2.

VII. Methods

Production and purification of MGLs: MGLs from Brevibacterium.aurantiacum quadruple mutant T92S+M97I+F187Y+M218T, double mutant M97I+M218T and MGL from Arabidopsis thaliana

While in sterile conditions.

a.

Transformation of competent E coli cells with the vectors containing MGL genes

The plasmid (4 µg) is centrifuged for 1 min 6000 g at 4°C, and diluted into 40 µl of sterile water (100 ng/ µl). 1 µl of plasmid solution was added to 50 µl of T7 express competent E. coli cells, then the mixture is placed on ice for 30 minutes. The cells are heat shocked at exactly 42 °C for 10 seconds to be made competent for transformation, followed by cooling in ice for 10 minutes. The cells containing the plasmids are subsequently regenerated by adding the SOC medium (950 μl) at 37 ° C for 1 h, then spread on a nutritive agar on a Petri dish (LB + kanamycin) overnight at 37 ° C. 

c. Purification i) Extraction

After suspension of cells pellets (obtained from 500 ml of culture) in 20 ml of NaCl at 0.9% w/v, they are centrifuged again in the same conditions. The supernatant is discarded and the bacterial pellets are frozen in liquid nitrogen and then stored at -80 °C. The protein is retained on the resin thanks to specific interactions between the Ni 2+ ions, fixed beforehand to the resin, and the His-Tag sequence fused on the N-terminal side. These interactions are due to the properties of histidines whose imidazole nucleus has a pair of free electrons, carried by a nitrogen atom, which can form complexes with divalent metal ions such as Ni 2+ , Cu 2+ or Co 2+ .

The lysis supernatant is injected, using a 5 mL loop, at 0.5 ml / min on a Ni-Sepharose column coupled to an Äkta purifier system (GE Healthcare Life Sciences, Vélizy-Villacoublay, France).

The column was previously equilibrated with buffer A in the presence of 10-30 mM imidazole.

The protein has an affinity for nickel groups due to the 6His-tag at the N-terminal side provided by the pET-28a (+) -TEV plasmid. The protein is then eluted using a gradient of imidazole with buffer B (500 mM imidazole) which competes with the side chains of the histidines on the Histag of the MGL protein. Optical densities at 280 nm (proteins) and 422 nm (MGL-bound PLP cofactor) were measured continuously.

iii) Protein concentration and storage

The collected fractions were analyzed by electrophoresis under denaturing conditions (SDS-PAGE 12% polyacrylamide) revealed with Coomassie blue and then pooled and concentrated by ultrafiltration on an 30 kDa Amicon ® Ultra-15 centrifugal unit. The protein was finally stored at -20 °C and the concentration was determined spectrophotometrically at 280 nm.

iv) S200 increase size exclusion chromatography

In order to remove remaining contaminants and separate protein aggregates, a gel filtration step is carried out. The concentrated protein is injected, using a 500 µL loop, on a Superdex 200 column increase 10/300 GL (GE Healthcare) (fractionation range from 5 000 to 800 000 Da) filled with a resin consisting of porous beads, coupled with an Äkta system and previously equilibrated with Buffer A (table 3). This step allows separating proteins according to their hydrodynamic diameter using a molecular sieve. The largest proteins that cannot enter into the gel beads, leave the column first. The others are delayed by their interactions with the beads;

the smallest proteins, which can easily enter the beads, are the last to leave the column (Annex 2).

To be efficient, this technique requires a small volume of starting material. If the volume is too large, the proteins tend to spread along the column, which reduces the quality of their separation.

The fractions containing pure MGL protein, identified by electrophoresis under denaturing conditions with SDS-PAGE, are pooled and concentrated by ultrafiltration on a 30 kDa Amicon ® Ultra-15 centrifugal unit at 5000 g at 4 ° C to perform crystallization tests, then stored at -20 ° C.

A spectrophotometric UV-visible assay allows estimating the molar concentration of the protein and its PLP co-factor content, for this, the absorption of the protein at 280 nm and the absorption of the co-factor at 422 nm are measured.

Biochemical characterization of MGL variants from Brevibacterium aurantiacum

and MGL from Arabidopsis thaliana a.

SDS-PAGE electrophoresis under denaturing conditions

In order to check the purity of the protein after the purification steps, the samples are analyzed by SDS-PAGE electrophoresis under denaturing conditions, which is based on the principle of proteins separation according to their size on a 12 % polyacrylamide gel (NuPAGE from Invitrogen, sold by Thermo Fischer Scientific, Illkirch, France). The gel is revealed by colloidal coloring, allowing both better reproducibility, minimal background coloring and a better sensitivity due to the presence of ammonium sulfate, which increases the strength of hydrophobic interactions and therefore promotes interactions between G250 Coomassie blue and the basic and aromatic amino acids of the proteins fractionated on the gel b.

UV/ visible spectroscopy UV/visible spectra were performed on a Shimazu UV1800 spectrophotometer in order to characterize all the variants produced. It is the first measurement carried out on each chromatography fraction containing proteins after the purification step. This technique allows us to detect the PLP cofactor that in its form complexed with the enzyme absorbs at 422 nm, while the free PLP in solution has a pic around 390 nm, and also to compare the MGL variants with Pp-MGL from, which exhibits a better PLP retention, and identify those that retain PLP co-factor.

c. Dynamic light scattering (DLS)

This technic allows us to measure the size, from <one nm with MW <1000 Da, and the dispersity (homodispersity or polydispersity) of molecules present in purified MGL solution (or suspension), and subjected to random thermal movements by measuring their speed. In addition, it gives us information about the presence of aggregates. On the other hand, it requires the knowledge of the solvant viscosity and the centrifugation of our solution (Annex 3).

The hydrodynamic radius Rh is an estimate that gives us information about the MW of the MGL molecule. For a supposedly spherical molecule, its calculation is done according to the following known relation:

Rg/Rh = [3/5] 1/2 = 0,775
Rg is the radius of gyration.

For globular proteins, we have: [START_REF] Bernadó | A Self-Consistent Description of the Conformational Behavior of Chemically Denatured Proteins from NMR and Small Angle Scattering[END_REF] M: molecular weight in kDa d.

Rg (Å) ≈ 6.25 * 𝑀 1/3

Dialysis for assessment of PLP retention by MGL variants

We used this technic to separate the protein of interest from salts, imidazole, detergents or other small molecules that were present in the initial preparation or were introduced during a purification step, using their ability to cross the pores of a semi-permeable membrane often made of cellulose whose pores are smaller than the macromolecules (proteins of interest). Here we used dialysis cassettes (Slide-A-Lyzer, Thermo Fisher Scientific) that are immersed in PLPfree buffer and which contain the liquid to be dialyzed.

Proteins are retained in the dialysis cassette, whereas the diffusible molecules cross the membrane according to the concentration gradient. There will therefore be a net displacement of these latter molecules from the most concentrated side to the least concentrated side (principle is shown on Annex 4).

Structural characterization of MGL variants from Brevibacterium aurantiacum and MGL from Arabidopsis thaliana

Several techniques make it possible to gradually decrease the solubility of the protein in order to bring it to a crystalline state. In this project, we used vapor diffusion in two ways for crystallization: manually, or performing automated crystallization using commercial screens.

For the first step of automated crystallization, the sitting drop method has been performed, using various commercial screens: Crystal screen and Crystal screen 2 (Hampton Research, Aliso For manual optimization of the crystallization conditions, another application of the vapour diffusion technique is used with the hanging drop method. A volume of 1 mL of solution containing the precipitating agent (pH buffers, various polyethylene glycols (PEGs), salts, or other precipitants and additives) is deposited in the pits. A volume of 3 µL of protein solution and 3 µL of precipitating solution is deposited on a thin siliconized coverslip. The coverslip is then placed over the container and is hermetically sealed with vacuum grease. Therefore, the drop solution is diluted twice so that vapour diffusion will establish from the drop which is least concentrated in precipitant towards the pit, in order to balance the concentrations. Under favourable conditions, the slow concentration of the protein will lead to crystals formation (Figure 9). This technique was used in 24 wells VDX plates (Hampton Research, CA) for the reproduction of crystals and the gradual improvement of the crystals. When sufficiently large crystals (> 0.01 mm) are obtained, they are mounted on a cryoloop frozen in liquid nitrogen and exposed to X-rays on SOLEIL synchrotron. Collected diffraction data allows the resolution of the 3D structure. 

RESULTS

UV-Visible spectra of MGLmut4

Production

The MGL quadruple mutant was transformed in pET-28a (+)-TEV plasmid (figure 8), which contains a histidine tag in the N-terminal position and a cleavage site by the TEV protease for possible removal of this tag, and produced in T7 Express competent E .coli cells. As we can see on the figure 10, the quadruple mutant MGLmut4 protein is well induced, showing an intense band (figure 10, lanes 5-6) whose apparent molecular weight is in accordance with the one calculated from the sequence: 43.3 kDa. It is the major band, which means that MGL is the major protein produced by E. coli. We can also observe some protein contaminants that we will try to eliminate by the ulterior purification steps.

Purification

The cell lysate supernatant was purified using 2 steps of chromatography of 6His-MGLmut4

(histidine-tagged at the N-terminus, 6 histidine residues): affinity chromatography on immobilized Ni 2+ complex, and size exclusion chromatography (SEC) for further purification by removing unwanted small molecules, such as salts or aggregates. We observe 3 peaks with different intensities that may correspond to the purified MGLmut4 (Figure 11). Overall, we observe 3 pink peaks that could reflect PLP bound to the protein with an absorbance at 422 nm on UV-Visible spectrum. The major peak is composed by fractions F11 and F12 for which we observe a high absorbance measured at 280 nm on the UV-Visible spectrum (figure 12).

The spectra of the 3 peaks show an absorbance at 260 nm much lower than that at 280 nm for the fractions F8, F9, F11 and F12. It means that there are therefore very few nucleic acid contaminants in these fractions. About PLP retention, the UV-Visible spectrum indicates that we have little PLP in these fractions showing a very low peaks at 422 nm (figure 12). 

RESULTS

16 SDS-PAGE shows a high intensity band at an apparent mass of 43.3 kDa (figure 13, lanes 2-4-5-6) which corresponds to the molecular weight of the MGL protein. The major band of MGL is observed in the F12 fraction, which is coherent with the chromatogram result. We can also observe a small amount of protein contaminants represented by bands that appear blurry and not very intense (figure 13, lanes 2-4-5-6). It means that most of contaminants proteins have been removed after the two purification steps. These protein contaminants suggest that they are aggregates of different proteins including that of MGL. F15 and F16 are probably non-proteic contaminant molecules (not visible on SDS-PAGE).

Crystallization tests

A high-resolution structure of Ba-MGL or of one of its variants would be very useful to determine a rational strategy for enzyme engineering. The crystallization of the wild-type enzyme in the presence of PLP resulted in nice crystals, but they diffracted X-rays only to low resolution (3.6 Å). A possible problem is the weak occupancy of the cofactor PLP in the crystals, due to the too low affinity of the enzyme for its cofactor, and progressive leakage of it during the time (several days) needed for protein crystallization. This probably results in a mixture of Ba-MGL-PLP complex and free Ba-MGL (apo Ba-MGL), unfavourable for crystallization. As the quadruple mutant seems to fix very few PLP, we hoped that it could give crystals of the apo-enzyme. We performed crystallization tests (crystallization conditions are described in Annexes 5 and 6). For that, the purified Histag-MGLmut4 from Brevibacterium aurantiacum, which fixes very little PLP, was concentrated at 11 mg/ml and diafiltered 2 times with a buffer without PLP to facilitate the crystallization of the apo-enzyme.

Crystallization tests showed small needle crystals. This first encouraging result was not followed up due to lack of experimentation time related to Covid-19 pandemy. 

II. Production and purification of Ba-MG double mutant M97I+M218T

The double mutant MGLmut2 was produced and purified under the same conditions as those of the quadruple mutant MGLmut4. On the SDS-PAGE gel, we see many proteins but the major band remains that of MGLmut2 after IPTG induction with a molecular mass of approximately 43.3 KDa (figure 14, lane 3).

The chromatogram showing the result of the second step of chromatography purification (SEC) for MGLmut2 shows two peaks between fractions from F11 to F25 (Annex 7). The major peak consists of fractions F13-F14-F15-F16 and the other one is composed of F21-F22-F23.

The UV-visible spectrum of these peaks shows a clear absorbance measured at 280 nm on the UV-Visible spectrum (figure 15). The chromatogram also shows two low peaks at 422 nm, which correspond to the PLP in its complexed form. Therefore, these fractions do not mainly contain functional MGL since they contain little complexed PLP as confirmed on UV-Visible spectrum (figure 15). We note that for these two peaks (F13 to F16 and F21 to F23) the absorbance at 280 nm is higher than the absorbance at 260 nm: there is a satisfying protein / nucleic acid ratio (considering that the absorbance at 260 nm of 1 mg of DNA is 25 times higher than the absorbance at 280 nm of 1 mg of protein, the percent of nucleic acids contaminants in our protein sample should be very low).

SDS-PAGE profile of the different protein fractions F14-F21 from S200 increase size exclusion chromatography shows an apparent intense band with the expected molecular weight of the MGL (43.3 KDa) (figure 14). This confirms the chromatogram result that showed two peaks at F14 and F21 fractions, with a small amount of protein contaminants: most protein contaminants have been removed after the steps of purification. 

III. Production and purification of Ba-MGL variants M94I and M94L

In a second step, we looked to methioninases of other species (beyond Pp-MGL). We searched sequence differences in the PLP-binding region (Annex1). The MGL of Citrobacter freundii has a better affinity for PLP than that of Clostridium novyi, the Kd of C. novyi being 23 times higher than that of C. freundii [START_REF] Kulikova | Gene cloning, characterization, and cytotoxic activity of methionine γ-lyase from Clostridium novyi[END_REF]. Among the six residues that participate in binding of PLP, the only sequence difference is M92 from C. novyi, which is replaced by I (isoleucine) in C. freundii. This methionine is conserved in many MGLs including Ba-MGL (M94). Interestingly, Hs-CGL, the human cystathionine gamma lyase, a PLP dependent enzyme, has a sequence similar (~ 40%) to that of Ba-MGL, and is much more stable in human plasma than Ba-MGL and even Pp-MGL. Thus, it was attractive to test Ba-MGL M94I and M94L mutants.

MGL from Brevibacterium aurantiacum variant M94I

The Ba-MGL mutant M94I was produced in T7 Express Competent E .coli cells, purified by

Nickel affinity chromatography as a first step (Figure 16) followed by S200 increase size exclusion chromatography (Figure 17), and analysed by SDS-PAGE. The result showed that this mutant is well expressed in the presence of IPTG with the right molecular weight (43.3 kDa) (Figure 18, lanes 4-5). It is eluted in the fraction F12 with a sufficient purified amount after the two steps of purification (Figure 18, lane 7-8-9).

MGL from Brevibacterium aurantiacum variant M94L

The Ba-MGL mutant M94L was produced and purified by two steps of purification: Firstly, we used Nickel affinity chromatography (Annex 8). The analysis by SDS-PAGE showed that this mutant is well induced in the presence of IPTG, and eluted in the fractions F33 and F42

with a small amount of contaminants after the first step of purification (Figure 19, lanes 8-9).

It was followed by S200 increase size exclusion chromatography and under the same conditions as those of the other tested mutants.

Analysis of UV-visible spectra of Ba-MGL M94I, Ba-MGL M94L and the wild type show that Ba-MGL M94I retains less PLP than that of the wild type. For the other mutant Ba-MGL M94L, the absorbance at 422 nm is much lower than that of the wild type and even negligible. 

IV. Production and purification of MGL from Arabidopsis thaliana

As already mentioned in the objectives section, along with Ba-MGL, the MGL of Arabidopsis thaliana (At-MGL) is the only known MGL that exhibits a high activity toward methionine but spares cysteine. In addition, there is no published crystal structure of either of these enzymes, which possess a glycine residue instead of the catalytic cysteine present in other enzymes of this family. The plant enzyme was produced in T7 Express Competent E .coli cells and its purification was undertaken by Nickel affinity chromatography as a first step, results are shown on Annexes 9 and 10.

Expression and purification were checked on SDS-PAGE gel. The protein is poorly expressed in the presence of IPTG, thus the induction is not satisfactory. This is represented by two sparse bands (figure 20, lanes 2-3) with an apparent molecular weight close to the one calculated from the sequence. It is higher than that for the Ba-MGL (43.3 kDa), and in accordance with the calculated 50.51 kDa molecular weight. This is logical because the sequence of the At-MGL is longer than that of Ba-MGL (Annex 1). The analysis of the fractions eluted after nickel affinity chromatography shows a band that hardly appears at a molecular weight of 50.5 kDa (figure 20, lane 6). It means that the protein is eluted, but with a small amount that could be explained by: a poor induction, a washing problem that resulted in the loss of the protein, or it may be due to the remaining of the protein in the cell pellet after the lysis.

In order to improve the induction of At-MGL, we thought of changing the culture medium from LB medium to TB medium which is described as producing higher cell yields than those of LB medium, as already described in the material and methods section. We also decreased the imidazole concentration in the washing buffer to 10 mM in order to eliminate the non-specific fixation of certain E.coli proteins naturally rich in histidine. Moreover, in addition to the cell lysis supernatant, we also analysed the cell lysis pellet to see if it contains the protein. For that, it is washed with washing buffer, centrifuged and its volume adjusted as that of the supernatant.

SDS-PAGE corresponding to the induction in the two LB and TB media in addition to the various purification fractions obtained by Nickel affinity chromatography is presented in figure 21. weight is in accordance with the one calculated from the sequence: 50.5 Kda. Changing the culture medium to TB does not improve the poor induction of the protein. We also observe other protein bands that may correspond to At-MGL oligomers, or to different proteins. On the other hand, we note that the cell lysis pellets do not contains the protein of interest, whatever culture medium is used.

Fractions from Nickel affinity chromatography of the two culture media were concentrated and pooled to be injected for S200 increase size exclusion chromatography. Chromatogram analysis showed a major peak composed by fractions F11-F12-F13 (Annex 11); It contains protein that absorb at 280 nm on UV-Visible spectrum (figure 22), as well as a low absorbance peak at 422 nm which indicates that these fractions contain a little complexed PLP, as was the case for Ba-MGL .

F11-F12-F13 fractions of purified At-MGL, that retains a little PLP cofactor, are concentrated at 5.5 mg/ml. Tests of crystallization with the robot are performed on these fractions in similar conditions as the quadruple mutant. Results did not allow to the formation of crystals.

RESULTS
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DLS experiments carried out on the pooled and concentrated fractions F11-F12-F13 (5.5 mg/ml, figure 23). It is essentially composed of At-MGL oligomers with a diameter close to 11 nm. We also see larger aggregates with a diameter close to 100-200 nm. Remembering that in DLS experiments the scattering intensity of a particle is proportional to the sixth power of its diameter, the result on Figure 19 indicates that the aggregates are far less abundant than the MGL oligomers. The monomer of At-MGL has a calculated MW of 50.515 kDa. Thus, a tetramer of At-MGL should give, if perfectly spherical, a radius of approximately 9.5 nm.

Taking in account the uncertainty of such a measurement, this is in the range of that of the observed peak. The theoretical Rh calculated from the molecular weight supposed to be a sphere should be approximately 12 nm, which would correspond for a perfect sphere to an octamer.

This difference is rather due to the non-sphericity of the tetramer. In addition, the sample was not centrifuged before DLS measurements, and was conserved at 20°C for a long time, which explains why results are not very precise. 

RESULTS
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V. MGL characterization by dialysis

The enzyme, in the blood, undergoes a depletion of its cofactor. In order to mimic these environmental conditions with a simple in vitro system, the method that was developed is the dialysis to assess the ability of MGL to retain PLP cofactor.

Ba-MGL and Pp-MGL wild types (purified Ba-MGL 17p, Ba-MGL 38p, Pp-MGL 04p

provided by the GTP society, and Pp-MGL from the Shionogi pharmaceutical laboratory) were concentrated at 0,5 mg/ml and 1mg/ml respectively, then dialyzed against a buffer without PLP (described in table 3, Material and Methods). To remove the free PLP which was present in the enzyme buffer solution and which leaked to the dialysis buffer, we renewed the buffer after 2h of dialysis. Analysis of UV-visible spectra at different times shows that concentration of the dialyzed Ba-MGL 17p decreases with time, due to the swelling of dialysis compartment (Figure 24 a). Between t=2h and t=68h, the decrease is due to the withdrawn of 100 µl of sample for the spectrum at t=2h.

In order to compare better the spectra at different times, we have normalized the 280 nm absorbance at the same value for all spectra (Figure 24b). The PLP signal decreases with time, because during dialysis PLP leaks from the sample to the dialysis buffer. Histogram shows that 37 % of PLP remains complexed to the enzyme after 68h of dialysis (figure 25). This result is close to that obtained in 2019 internship (47%) (Figure 6).

For the three other enzyme samples, technical problems occurred: i) values indicated by the spectrophotometer were shifted, ii) the samples were probably too often frozen/thawed, leading to excessive leakage of PLP, iii) PLP was too much exposed to light. Therefore, these results are not shown.

DISCUSSION & PERSPECTIVES

DISCUSSION

MGL is known for nearly half a century as an attractive drug strategy for anti-cancer therapy [START_REF] Sato | Methionine gamma-lyase: The unique reaction mechanism, physiological roles, and therapeutic applications against infectious diseases and cancers[END_REF]. Pp-MGL has been tested by the partner team of Dr.Machover and many other laboratories: it induced growth arrest and death of cancer cells in vitro and in vivo [START_REF] Yoshioka | Anticancer efficacy in vivo and in vitro, synergy with 5-fluorouracil, and safety of recombinant methioninase[END_REF]. However, it has three serious limitations: immunogenicity, cysteine degradation and rapid inactivation in plasma. Another MGL (Ba-MGL) has been identified at INRA Grignon. It has two crucial properties interesting for anticancer therapy: i) it is abundantly present in food and therefore, its likely to comply with human immune tolerance and ii) it specifically degrades methionine, notably sparing cysteine, as already explained.

The studies described in this work aimed to the development of a novel drug (MGL from a non-pathogenic bacterium Brevibacterium aurantiacum) for cancer therapy based on engineered methionine gamma lyase with hight affinity for PLP cofactor. Previously, the first step of engineering used single point mutations. The obtained variants did not retain PLP better than the wild type, contrary to what was expected. In a second step, we tried new mutants with multiple mutations.

Our results establish that double mutant M97I+M218T and quadruple mutant T92S +M97I+

F187Y+M218T are correctly produced and well expressed in E.coli cells. As regards to PLP retention, UV-visible spectra of these two mutants showed that little PLP is complexed. The cofactor binding is not closer to that of Pp-MGL. It is even weaker than that of the wild type.

Therefore, we did not perform dialysis experiments on these variants. In addition, crystallization trials of the quadruple mutant in the absence of PLP produced small needle crystals of the apo-enzyme. In a third step, mutations of a residue that differs between MGLs of C.novyi and C.freundii was performed. Variants were produced, expressed and purified with the idea to dialyze. However, the PLP signal of M94I variant was lower than that of the wild type; that of M94L was even negligible.

In parallel, we studied MGL enzyme from the model plant Arabidopsis thaliana. Most MGLs have a conserved catalytic cysteine (Cys 116 in Pp-MGL). This cysteine is not conserved in other PLP dependent enzymes, and is substituted by glycine or proline in cystathionine γ-lyase, cystathionine β-lyase, and cystathionine β-synthase, and thus was previously suggested to be involved in the recognition and γ-elimination of methionine [START_REF] Sato | Methionine gamma-lyase: The unique reaction mechanism, physiological roles, and therapeutic applications against infectious diseases and cancers[END_REF]. Ba-MGL also has a glycine at the position equivalent to that of Cys 116 in Pp-MGL, and it is the only known bacterial methioninase that does not degrade cysteine. These remarkable properties are also encountered in At-MGL. In order to understand the basics of MGL specificity, At-MGL was produced and purified to homogeneity. Its PLP signal was significant. Crystallization tests were initiated but did not provide crystals yet.

PERSPECTIVES

It will be necessary to perform enzymes activity tests in order to ensure that mutations and added HisTags do not affect activity and specificity of the enzyme. As explained above, cysteine degradation by MGL have several undesirable effects.

In order to progress with Ba-MGL engineering, we looked for new mutation strategies that do not target the PLP binding residues. Based on the sequence alignment of different bacterial MGLs, At-MGL and Hs-MGL, there is a loop extension (W48-L55) in Ba-MGL which is not present in other MGL enzymes (Figure 26). This extension of the loop in Ba-MGL may alter the stability of the enzyme and prevent its crystallization. Thus, it will be attractive to design a mutant without this loop extension in order to solve the enzyme structure, and to improve its stability.

The sequence alignment shows conserved residues that flank this loop: G42 in bacterial MGLs, plus T33 and Y63 in all aligned MGLs including Hs-MGL. This suggests various possibilities to design Ba-MGL mutants that could be more stable.

Finally, a new crystallization strategy is proposed. We hypothesize that previously obtained wild type Ba-MGL crystals diffracted X-rays to limited resolution because of the heterogeneity of the enzyme preparation used: As PLP is weakly bound, there might be a mixture of methioninase alone and bound to PLP. In this context, new mutant in which the lysine binding the PLP is replaced by an alanine was ordered to crystallize Ba-MGL or At-MGL apo-enzymes.

A high-resolution crystal structure would be very helpful for enzyme engineering.

ANNEXES ix

Annex 6-Example of a series of manual tests Pits 1 ml, drop 6 µl (3 µl of the protein + 3 µl of the well) Solutions : MES 0.1 M pH 6.5 ; PEG 4000 at 40 % w/v in MES buffer 0.1M pH 6.5 ; NaCl 2 M in MES buffer 0.1 M pH 6.5. 

N°

Figure 2 :

 2 Figure 2: MGL catalysed reaction, here the α, γ-elimination and γ-replacement of L-methionine.

Figure 3 :

 3 Figure 3: The overall crystal structure of MGL from Pseudomonas putida (Cartoon representation; Protein Data Bank access code 1PG8). Each subunit of the homotetramer is indicated in green, yellow, magenta and cyan. PLP is indicated in blue (ball-and-stick representation).

Figure 5 :

 5 Figure 5: Residues close to PLP that were targeted by site directed mutagenesis. Left: Superposition of crystal structure of Pp-MGL (5dx5MGL-PLP, C sporogenes) in grey and a 3D model of Ba-MGL (provided by the I-Tasser program) in yellow, showing the two residues (F187 and the corresponding Y189) that are close to PLP (green). Right: sequence alignment of residues close to PLP that differ between Ba-MGL and Pp-MGL.

Figure 6 :

 6 Figure 6: Percentage of initial PLP present after 65 hours of dialysis against buffer without PLP (evaluated by absorbance at 422 nm) for different MGLs (unpublished results obtained in previous 2019 internship).

Figure 8 :

 8 Figure 8: Schematic representation of the construction commissioned from GenScript

  produced in T7 Express Competent E. coli strain, transformed by pET-28a (+) -TEV vector from GenScript (Netherlands) in LB or TB medium supplemented with kanamycin 100 mg/ml in order to promote the production of MGL protein. Cells are seeded at 0.1 OD600nm cell density and incubated overnight at 37°C at 200 rpm. Then the cultures are incubated at 37 °C and monitored for active growth by continually measuring optical density at 600 nm until obtaining an OD600nm of 0.6. Then the protein expression is induced with IPTG at 0.1 mM. Cultures are then incubated overnight at 18°C at 200 rpm in order to slowdown bacteria generation time, allowing more time for the expression of chaperone proteins which help the folding of the expressed protein. Cells are harvested by centrifugation at 6000 g at 4 °C for 10 min.

  -Trap column: Immobilized Metal Affinity Chromatography (IMAC) Cells pellets are re-suspended into Buffer A (Table3) in the presence of an anti-protease cocktail (Roche tablet). The cells were lysed with a ONE Shot cell disruptor (Constant Systems Ltd, UK) operated at a pressure of 1.96 Kbar. Cellular debris were removed by centrifugation at 12 000 g for 15 min at 4 °C.

  Viejo, CA), PEGII suite from Nextal (Qiagen, France), Morpheus screen (Molecular dimensions limited, Cambridge, UK), allowing to test many crystallization conditions. The sitting drop (1 µl) is deposited on a support located close to the well (150 µl). The advantages of the automated crystallization using commercial screens are protein saving, time saving and reproducibility. The commercial screens are made up of conditions that have already enabled protein crystals to be obtained and offer the advantage of exploring a wide variety of precipitating agents (salts, polymers, organic solvents), pH, and additives. These tests were carried out in 96 wells boxes (CrystalQuick plates, NatX-ray, Saint Martin d'Hères, France) in which each of the 96 wells contains 150 µl of a given crystallization condition (precipitant) in equilibrium with the 1 µl drop containing the protein solution.

Figure 9 :

 9 Figure 9: Principle of crystallization by diffusion of vapour phase with suspended drop. A large volume of precipitating agent solution (1 ml) is placed in the well. The crystallization drop is made up of a 1/1 ratio of protein solution and precipitating agent solution (3 µL each). Due to the difference in the concentration of precipitating agent between the drop and the well, a diffusion of water(vapour) from the drop to the reservoir will occur. Thus, the concentration of protein and precipitating agent in the drop will gradually increase until reaching a state of equilibrium

Figure 10 :

 10 Figure 10: SDS-Polyacrylamide Gel Electrophoresis showing induction efficiency for MGLmut4. MW: molecular weight markers (Mark12).

Figure 11 :Figure 12 :

 1112 Figure 11: SEC chromatography of 5 ml of At-MGL from cultures with LB medium.

Figure 13 :

 13 Figure 13: SDS-PAGE of MGLmut4 after 2 steps of purification: selected fractions obtained after size exclusion chromatography on S200 increase column.

Figure 14 :

 14 Figure 14: SDS-Polyacrylamide Gel Electrophoresis showing induction efficiency and S200 increase size chromatography results for MGLmut2. 1: molecular weight; 2: Cell pellet lysate before IPTG induction; 3: Cell pellet lysate after IPTG induction; 4: F14 fraction of the S200 increase size exclusion chromatography; 5: F21 on S200 increase column.

Figure 15 :

 15 Figure 15: UV-Visible spectra of F16-F23 from size exclusion chromatography on S200 increase column

Figure 16 :

 16 Figure 16: Immobilized Metal affinity Chromatography of 5 ml of Ba-MGL mutant M94I.

Figure 17 :

 17 Figure 17: Chromatogram of S00 increase size exclusion chromatography of 1 ml purified Ba-MGL mutant M94I from Nickel affinity chromatography

Figure 18 :

 18 Figure 18: SDS-Polyacrylamide Gel Electrophoresis showing induction efficiency and purification results of MGL Brevibacterium aurantiacum mutant M94I (Ba-MGL M94I). 1: molecular weight markers; 2-3: Cell lysate supernatant before IPTG induction; 4-5: After IPTG induction; 6 HisTrap F7; 7 HisTrap F36; 8 S200 F9; 9 S200 F12.

Figure 19 :

 19 Figure 19: SDS-Polyacrylamide Gel Electrophoresis showing induction efficiency and purification results after HisTrap purification of MGL Brevibacterium aurantiacum mutant M94L (Ba-MGL M94L). 1: molecular weight markers; 2-3: Cell lysate supernatant beforeIPTG induction;[4][5] 6 HisTrap F12; 7 HisTrap F18; 8 HisTrap F33; 9 HisTrap F42; 10 HisTrap F80. 

Figure 20 :

 20 Figure 20: SDS-Polyacrylamide Gel Electrophoresis showing induction efficiency and purification of At-MGL. 1: molecular weight markers; 2: cell lysate before IPTG induction; 3: cell lysate after IPTG induction; 4,5,6: fractions of the Nickel Affinity Chromatography.

Figure 21 :

 21 Figure 21: SDS-Polyacrylamide Gel Electrophoresis for At-MGL, showing (a) induction efficiency and (At-MGL) (b) purification results. 1: molecular weight markers; 2: Cell lysate supernatant before IPTG induction, obtained in LB; 3: After IPTG induction; 4: LB pellet; 5: Before IPTG induction; 6: After IPTG induction; 7: TB pellet. b) 1: molecular weight markers; 2 HisTrap F4; 3 HisTrap F7; 4 HisTrap F15; 5 HisTrap F31; 6 HisTrap F44; 7 HisTrap F3; 8 HisTrap F13; 9 HisTrap F28; 10 HisTrap F41 

Figure 23 :

 23 Figure 23: DLS of fractions F11-F12-F13 of the S200 increase size exclusion chromatography (5 different measurements of the same sample superimposed).

Figure 24 :

 24 Figure 24 : Dialysis results for Ba-MGL17p. a) raw spectra observed at three different times during dialysis. b) spectra observed during dialysis normalized to the same absorbance level at 280 nm.

Figure 25 :

 25 Figure 25: Histogram of Ba-MGL17p (wild-type enzyme without HisTag, external supplier) before and after dialysis showing the percentage of initial PLP.

Figure 26 :

 26 Figure 26: The extended loop of Ba-MGL. Upper part sequence alignment. Lower part Superposition of the crystal structure of Pp-MGL (5x2w) in purple and a 3D model of Ba-MGL (I-Tasser) in green, showing extension loop of Ba-MGL (W48-L55) in red and conserved residues G42 and Y63. Other subunits of Pp-MGL are indicated in cyan. PLP from Pp-MGL structure is indicated in orange.
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Table 1 :

 1 Specificity of MGL from Brevibacterium aurantiacum for Methionine.[START_REF] Machover | Effects in Cancer Cells of the Recombinant l-Methionine Gamma-Lyase from Brevibacterium aurantiacum. Encapsulation in Human Erythrocytes for Sustained l-Methionine Elimination[END_REF] 

Table 2 :

 2 Cytotoxicity

of MGL-BL929 in human cells

[START_REF] Machover | Effects in Cancer Cells of the Recombinant l-Methionine Gamma-Lyase from Brevibacterium aurantiacum. Encapsulation in Human Erythrocytes for Sustained l-Methionine Elimination[END_REF] 

Figure 4: A) Enzymatic activity of native MGL-BL929 (Ba-MGL) incubated for 8 hours was assayed at 37°C under four different conditions. Conditions were (I) phosphate-buffered saline; (II) PBS supplemented with human serum albumin at 40 g/l; (III) pure human plasma; and (IV) pure rat plasma. Measurement of enzyme activity was performed without additional PLP

Production and purification of Brevibacterium. Aurantiacum MGL quadruple mutant T92S+M97I+F187Y+M218T
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			Absorbance at 422 nm: little PLP is
			complexed to the protein	
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  Annex 11-Chromatogram of S200 increase size exclusion chromatography of 1 ml purified and concentrated At-MGL obtained from selected Nickel affinity eluted fractions.

	NaCl 2 M 300 µl 300 300 300 300 300 Solutions: Trisodium Citrate 0.1 M pH 5,6 ; PEG 4000 at 40 % in citrate buffer pH 5,6 ; PEG 4000 40% MES buffer 6.5 M µl % µl 1 0.6 450 18 250 2 0.6 500 20 200 3 0.6 525 21 175 4 0.6 550 22 150 5 0.6 625 25 75 6 0.6 675 27 25 (NH4)2SO4 1 M in citrate buffer pH 5,6. N° PEG 4000 40 % (NH4)2SO4 Trisodium buffer µl % µl M µl 7 400 16 200 0.2 400 8 450 18 200 0.2 350 9 500 20 200 0.2 300 10 550 22 200 0.2 250 11 575 23 200 0.2 225 12 625 25 200 0.2 ANNEXES
	xii

Pp-MGL as an anticancer drug was abandoned.

Ba-MGL Pp-MGL Ba-MGL Ba-MGL Pp-MGL Pp-MGL

ANNEXES

Here example of the PEGII,1 suite screen from Nextal.

With the robot : Pits 150 µl, drop 1 µl (0.5 µl protein and 0.5 µl pit) 

N°

Engineering methionine gamma lyase from the cheese bacterium Brevibacterium aurantiacum for cancer therapy

The cancer incidence is increasing worldwide, where the disease is the second cause of mortality. The methionine depletion induced by the methionine γ-lyase enzyme (MGL, methioninase) is a promising strategy against cancer, whose cells are more dependent on methionine than normal cells. MGL is a pyridoxal phosphate (PLP) dependent enzyme that degrades methionine. It is present in bacteria, in plants, but absent in mammals. This work studied the methioninase from Brevibacterium aurantiacum (Ba-MGL). This enzyme from a cheese bacterium should comply with human immune tolerance. In addition, it has the advantage to be specific of methionine, sparing cysteine whose depletion could induce undesirable side effects. However, it is quickly inactivated in human plasma, due to PLP leakage. The aim was to improve enzymatic engineering the affinity of Ba-MGL for PLP, in order to extend its activity in human blood so that it could be used in anticancer therapy. Quadruple (M97I+M218T+T92S+F187Y) and double (M97I+M218T) mutants, designed to mimic the MGL from Pseudomonas putida, were produced in sufficient quantities and purified. According to UV-visible spectra, these mutants did not retain enough PLP, as was initially expected. Thus, they were not assayed for dialysis. A second series of variants (Ba-MGL M94L and M94I), based on sequence comparison with various bacterial MGLs and human cystathionine γ-lyase, were produced and purified for dialysis assays. In parallel, we studied the MGL from the model plant Arabidopsis thaliana (At-MGL), which, as Ba-MGL, does not degrade cysteine. Crystallization tests were performed on the quadruple mutant and At-MGL. We obtained first needle-shaped crystals. Overall, five variants were successfully expressed and purified. Our results subsequently obtained show the limits of designing enzyme variants merely from sequence and 3D structure comparisons. In cooperation with a bioinformatics laboratory, new designed mutations are underway to improve stability of Ba-MGL. Crystallization trials of variants from Ba-MGL and At-MGL are also underway, in order to solve the structure of MGL, which would help new engineering strategies.