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Abstract

:

Genome-scale models of metabolism (GEM) are used to study how metabolism varies in different physiological conditions. However, the great number of reactions involved in GEM makes it difficult to understand these variations. In order to have a more understandable tool, we developed a reduced metabolic model of central carbon and nitrogen metabolism, C2M2N with 77 reactions, 54 internal metabolites, and 3 compartments, taking into account the actual stoichiometry of the reactions, including the stoichiometric role of the cofactors and the irreversibility of some reactions. In order to model oxidative phosphorylation (OXPHOS) functioning, the proton gradient through the inner mitochondrial membrane is represented by two pseudometabolites DPH (∆pH) and DPSI (∆ψ). To illustrate the interest of such a reduced and quantitative model of metabolism in mammalian cells, we used flux balance analysis (FBA) to study all the possible fates of glutamine in metabolism. Our analysis shows that glutamine can supply carbon sources for cell energy production and can be used as carbon and nitrogen sources to synthesize essential metabolites. Finally, we studied the interplay between glucose and glutamine for the formation of cell biomass according to ammonia microenvironment. We then propose a quantitative analysis of the Warburg effect.
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1. Introduction


Genome-scale models of metabolism (GEM) greatly help to understand how metabolism varies in different physiological conditions, in different environments, in case of enzyme deficiencies, and in interaction with other metabolisms. Used in conjunction with methods such as flux balance analysis [1], GEM are particularly useful to simulate metabolic changes in large metabolic networks as they do not require kinetic parameters and are computationally inexpensive. Many genome-scale constraint-based models [2,3,4,5,6,7,8] have covered central metabolism and have been used successfully to model diseases [9,10]. However, the great number of reactions involved in GEM makes it difficult to understand the results obtained in these kinds of studies. In order to have a more manageable tool, we developed a reduced metabolic model of central carbon and nitrogen metabolism, C2M2N, taking into account the true stoichiometry of the reactions, including the stoichiometric role of the cofactors and the irreversibility of some reactions. The configuration used in this work involves three compartments: The extracellular medium, the cytosol, and the mitochondrial matrix. Among 77 reactions, 37 are irreversible and 54 internal metabolites are taken into account. Mitochondrial metabolism (OXPHOS) and mitochondrial transports are often inaccurately represented in GEM with some exceptions [2,11]. In C2M2N, the model of OXPHOS functioning is based on a proton gradient through the inner mitochondrial membrane, represented here by two pseudometabolites DPH (∆pH) and DPSI (∆ψ). This allowed us to specifically take into account the “vectorial” protons [12] across the mitochondrial membrane and not the protons in the reactions inside a given compartment which are, in principle, equilibrated. The main purpose in developing our core model was to create a metabolic model as small as possible, involving the main reactions encountered in experimental metabolic studies to be studied with several theoretical approaches, including the determination of elementary flux modes (EFMs) [13].



To illustrate the practical interest of such a reduced model of metabolism in mammalian cells, we studied glutamine’s metabolism and compared it with glucose metabolism. Glutamine is the most abundant amino acid in plasma and has long been recognized to be essential in proliferating cells. Additionally, glutamine has been identified as an alternative to glucose to fuel the Krebs cycle in cancer cells or in hypoxia conditions or mutations [14,15,16,17,18,19,20]. The glutamine metabolism goes through glutamate and α-ketoglutarate (AKG). Glutamate can be produced in the mitochondria by glutaminase or transaminases, and in the cytosol through nucleotide synthesis or transaminases. When synthesized inside the mitochondria, glutamate exits through the H+/Glutamate cotransporter [21] (the glutamate/aspartate exchanger with a H+ entry is sensitive to the ΔµH+ and can be considered as irreversible in normal physiological conditions). Inside the mitochondria, glutamine-derived AKG replenishes the tricarboxylic acid (TCA) cycle and can be metabolized either through the canonical forward mode or via reductive carboxylation, leading to citrate and acetyl-CoA in the cytosol. For instance, Chen et al. [22] showed that glutamine enables the survival of mitochondrial DNA mutant cells thanks to both reductive and oxidative pathway in the TCA cycle.



Using flux balance analysis (FBA), we systematically studied and quantitatively discussed all the possible fates of glutamine in central carbon metabolism and demonstrated that glutamine can sustain cell energy production and be used as a carbon and nitrogen source to synthesize essential metabolites, thus contributing to cell proliferation. Here, we show how C2M2N can be used to explore the results of more complex metabolic models by comparing our results with those of MitoCore, a metabolic model of intermediate size built on the same bases.



In a more general approach, we used C2M2N to follow how glucose and glutamine together share energy metabolism and anabolism in different physiological or pathological conditions (proliferating cells, hypoxia). We demonstrated the interest of a core stoichiometric model such as C2M2N in quantitatively tracing the origin of the carbon and nitrogen atoms in the different syntheses and in specifying the respective role of glutamine and glucose in energy metabolism. We demonstrated the role of ammonia release or input or recycling and study some urea cycle dysregulation (UCD). Ultimately, we gave a quantitative account of Warburg effect evidencing the main challenge of proliferating cells, i.e., energy production while maintaining nicotinamide adenine dinucleotide (NAD/NADH) balance.




2. Short Description of the Metabolic Models


2.1. C2M2N Model


The reactions involved in the metabolic model C2M2N (central carbon metabolic model with nitrogen) are listed in Appendix A and depicted in Figure 1. C2M2N was developed by trial and error from the traditional metabolic networks that can be found in textbooks with the aim to get the smallest network that accounts for most metabolic functions. To this aim, aggregation of consecutive reactions was extensively used when possible while keeping the relevant stoichiometry, particularly of the cofactors. However, C2M2N is not strictly defined, new reactions can be added when necessary (see reaction DH below) or easily suppressed by constraining their flux to zero. The abbreviations of the reaction names are listed in Abbreviations. More precisely, the model consists in (i) a simple version of the Krebs cycle and connected reactions (reactions PDH, CS, IDH2 and 3, SLP, RC2, MDH2, and PYC with the addition of glutamate dehydrogenase (GLUD1)), (ii) in the glycolysis summarized in five steps, G1 (hexokinase + phosphoglucose isomerase), G2 (phosphofructokinase + aldolase + triose-phosphate isomerase), G3 (glyceraldehyde-3P dehydrogenase + phosphoglycerate kinase), ENOMUT (enolase + phosphoglycerate mutase) and PK (pyruvate kinase) extended by the reversible LDH (lactate dehydrogenase), and the possible output and input of lactate (LACIO). Gluconeogenesis consists in the reversible reactions of glycolysis plus PEPCK1 (phosphenolpyruvate carboxykinase), GG3 (triose phosphate isomerase + aldolase + fructose-1,6-biphosphatase), and GG4 (phosphogluco isomerase + glucose-6-phosphatase). The mitochondrial phosphenolpyruvate carboxykinase named PEPCK2 was included. The pentose phosphate pathway (PPP) reactions are summarized in PP1 (oxidative part of PPP) and PP2 (nonoxidative part of PPP). The urea cycle is summarized in 4 reactions: CPS1_OTC (carbamoyl phosphate synthase 1 + Ornithine transcarbamylase), ORNT1 (Ornithine/Citrulline + H+ exchanger), ASS1_ASL_FH (argininosuccinate synthase + argininosuccinate lyase to which we added the fumarate hydratase to convert fumarate in malate as we did for RC2 reaction) and finally ARGASE (arginase). The ornithine synthesis from glutamate and acetylCoA, NAGS_ACY (N-acetylglutamate synthase + Amino Acylase) is completed by the regeneration of acetyl_CoA from acetate by ACS (AcetylCoA Syntethase) and by the ornithine/H+ transporter ORNT2. The urea cycle is supplemented by NOS (NO Synthase).



The synthesis of nucleotide bases (NUC) is represented by a simplification of purine and pyrimidine biosynthesis obtained by averaging the stoichiometry of the different metabolites and cofactors in the metabolic pathway of each nucleotide and taking into account their different amounts in human (30% of A and T or U and 20% of G and C). It should be stressed that nucleotide synthesis necessitates glutamine which is converted to glutamate and aspartate, itself converted to fumarate and subsequently to malate.



The synthesis of serine from 3-phosphoglycerate involves 3 steps: A dehydrogenase, a transaminase involving the glutamate/α-ketoglutarate pair, and a phosphatase. These three steps are assembled in one reaction: SERSYNT.



The malate–aspartate shuttle (MAS) is fully represented in the direction of NADHc consumption and NADHm production. It involves the malate/α-ketoglutarate exchanger T2 (OGC) and the glutamate/aspartate exchanger T4 (AGC), the malate dehydrogenases (cytosolic MDH1 and mitochondrial MDH2) and the glutamate-oxaloacetate transaminases (cytosolic GOT1 and mitochondrial GOT2). A detailed representation of MAS was mandatory because MAS enzymes are not always operating with the stoichiometry and the direction of MAS for exchange of NADHc for NADHm, i.e., MAS components are not always used to run the MAS as such.



The synthesis of fatty acids is a major pathway in proliferating cells. It starts with citrate lyase (CL) and is represented in the case of palmitate by the reaction PL1 with the corresponding stoichiometries.



The respiratory chain is represented by three reactions: RC1 which is the respiratory complex I, RC2 (succinate dehydrogenase or complex II which also belongs to the TCA cycle + fumarase), and RC34 which represents complex III + IV.



Finally, the remaining steps of oxidative phosphorylation are represented by ASYNT (adenosine triphosphate (ATP) synthase), ANT, the ADP/ATP exchanger, T5 the Pi carrier, and L the protons membrane leak. The proton gradient is represented by two pseudometabolites DPH (∆pH) and DPSI (∆ψ). It allowed us to only take into account the “vectorial” protons across the mitochondrial membrane [12]. We introduced a possible ∆pH/∆ψ exchange (NIG), mimicking the action of nigericin (K+/H+ exchanger), or physiologically, the action of ion exchangers in the inner mitochondrial membrane. DPH and DPSI are introduced, when necessary, in mitochondrial carriers equations. ATP hydrolysis is symbolized by ATPASE activity.



Only two entries are considered here, the entry of glutamine (GLNUP) and the entry of glucose (GLUCUP). The possible outputs in this study are pyruvate (T16), serine (SEROUT), aspartate (T14) nucleotides (T13) and palmitate (T17), arginine (T18), urea (T19), and ammonia (T20). The entry of glutamine in the mitochondria goes through the transporter T8. It will give rise to glutamate inside the mitochondria through glutaminase GLS1.




2.2. MitoCore Model


MitoCore [11] is a manually curated constraint-based computer model of human metabolism that incorporates 324 metabolic reactions, 83 transport steps between mitochondrion and cytosol, and 74 metabolite inputs and outputs through the plasma membrane, to produce a model of manageable scale for an easier interpretation of results. The representation of the proton gradient is nearly the same as in C2M2N with the pseudosubstrates proton motive force (PMF) with DPH = 0.18 PMF and DPSI = 0.82 PMF. MitoCore’s default parameters simulate normal cardiomyocyte metabolism with entry of different metabolites, particularly glucose and amino acids. These entries were lowered to zero and glutamine or glucose entry were set to one (unless otherwise mentioned) to compare the results of MitoCore with those of C2M2N. (See the SBML file of MitoCore used in this study in the Supplementary Materials).




2.3. FBA Analysis


We used FAME (flux analysis and modeling environment) (http://f-a-m-e.org/) [23] to derive the set of fluxes of C2M2N (and of MitoCore for comparison) optimizing the objective functions used below with glutamine or glucose entry for the synthesis of various metabolites. We systematically looked for the absolute flux minimization and then used the flux variability analysis (FVA) to get an idea of the possible other solutions giving the same objective functions. Among these solutions (with a maximal objective function), we selected and drew the one with the maximal ATP synthesis rate. In the main text, the solutions on a simplified version of Figure 1 were represented (Figure 2 and the following). The complete representations of the C2M2N fluxes are in the Supplementary Materials with the corresponding figures labelled Figure Si for the simplified Figure i. The fates of glucose carbons are represented in blue and the fates of glutamine carbons are represented in green. When syntheses arise from both glutamine and glucose other colors are used. Results are given in Table 1.




2.4. Optimization of Proliferating Cells Biomass


In order to understand how glutamine and glucose share the increase in biomass of proliferating cells, we maximized a biomass function (BM) defined from [24]:



BM = 0.18 SERc + 0.11 Palmitate_c + 0.04 XTPc + 0.19 GLNc + 0.17 GLUTc + 0.7 ASPc + 0.05 ARGc + 0.12 PYRc + 4 ATPc => 1 Biomass + 4 ADPc + 4 Pic.



PYRc takes the place of alanine, ARG summarizes arginine and proline in biomass and also polyamines synthesis, and SER is for serine + glycine.





3. Results and Discussions


3.1. Use of Glutamine for Energy Production (Figure 2)


Energy production is symbolized by ATPASE activity which is the objective function in this section. About 24 molecules of ATP can be synthesized from 1 molecule of glutamine without any other synthesis (Figure 2a and Figure S2a). One molecule of glutamine enters the mitochondria and then the Krebs cycle as α-ketoglutarate (AKG) to double the flux to malate. One molecule of malate generates pyruvate (through ME2) and then acetyl-CoA, which will condense with the OAA derived from the remaining molecule of malate, to generate citrate and a canonical TCA cycle continue in the usual direction with a flux equal to 1. It is very similar to the glycolysis-derived pyruvate TCA cycle except that, with glutamine, there is no need for NADHc reoxidation. However, ATP synthesis from glutamine necessitates the synthesis of pyruvate either inside or outside mitochondria (see the discussion in [25,26] and is accompanied by a release of ammonia. In the same conditions, one molecule of glucose usually allows the synthesis of 33 ATP molecules at the most (Figure 2b and Figure S2b). In both cases, the activity of respiratory chain is mandatory in order to reoxidize the NADHm produced by the TCA cycle and to get the maximum rate of ATP synthesis.




3.2. Pyruvate Synthesis from Glutamine (Figure 3)


The production of pyruvate (precursor of alanine) from glutamine can follow the production of glutamate and α-ketoglutarate (AKG) entering the “left”, -oxidative- part of TCA cycle to produce OAA. From OAA, mitochondrial PEPCK2 produces PEP, which exits the mitochondria through citrate and malate cycling (gray arrows on Figure S3a) and generates pyruvate (with PK). One molecule of pyruvate is obtained per molecule of glutamine and 10.6 molecules of ATP can be synthesized in this condition. Another solution without ATP synthesis is depicted in Figure S3c and the more complex solution with MitoCore in Figure S3d. These solutions are analyzed in the Supplementary Materials.



With glucose as substrate (Figure 3b), the solution is rather simpler, with the synthesis of 2 glycolytic pyruvate and the reoxidation of NADHc by MAS and ETC accompanied by the corresponding ATP synthesis (6.9).




3.3. Apartate Biosynthesis from Glutamine (Figure 4)


Aspartate is an amino acid which participates in many reactions, particularly in nucleotides synthesis and appears at a high level in the biomass. Due to its low concentration in blood, aspartate synthesis is crucial for cell survival [27,28,29,30,31]. Aspartate synthesis from glutamine (Figure 4a and Figure S4a) involves aspartate amino transferase (GOT) with oxalacetate (OAA) synthesized in the last part of TCA cycle from AKG coming from the glutamine-derived glutamate. Aspartate is carried out of the mitochondria through the glutamate–aspartate carrier (T4). Glutamate is recycled outside the mitochondria by the glutamate/H+ carrier (T9). The maximal yield from one glutamine is one aspartate and 7.6 ATP.



Aspartate synthesis from glucose also requires the activity of GOTs (cytosolic or mitochondrial) but is more complicated (Figure 4b and in its full representation in Figure S4b). In the solution of Figure 4b and Figure S4b, 1.85 aspartate molecules and 2 glycolytic ATP are synthesized per glucose. Reoxidation of glycolytic NADH imposes the operation of the malate–aspartate shuttle (MAS). NADH cannot be reoxidized by the lactate dehydrogenase because pyruvate carbons are necessary for aspartate synthesis. For this reason, in Figure 4b MAS is represented with a flux equal to 2 and the glutamate–aspartate carrier (T4) with a supplementary activity of 1.85 to release the 1.85 aspartate outside the mitochondria. More precisely on Figure S4b one can see that the flux of 2 pyruvate entering mitochondria is split in 1.85 pyruvate carboxylase flux and a 0.15 canonical TCA cycle (thin dark blue arrows in Figure 4b and Figure S4b) generating the 1.85 ATPm necessary for the operation of 1.85 pyruvate carboxylase.



In recent papers [27,28,29], some authors evidenced “an essential role of the mitochondrial electron transport chain… in aspartate synthesis”. This is not unexpected if we consider that mitochondrial synthesis of aspartate requires the synthesis of OAAm (using pyruvate carboxylase with ATP or malate dehydrogenase generating NADH) and the fact that the GLU/ASP exchanger (T4) depends on the ΔµH+, i.e., the ETC activity. We can confirm this result in our model as represented in Figure 4c,d, which depicts the synthesis of aspartate as a function of ETC activity with one glutamine or one glucose. In both cases, the flux of aspartate synthesis proportionally decreases with the decrease of the activity of respiratory chain (modulated by RC34 activity). As shown experimentally, this is due in part to the necessity to reoxidize NADHc. Introducing in C2M2N a dehydrogenase activity (DH) reoxidizing NADHc, we induce an increase of aspartate synthesis in accordance with the results in [29].



Other reactions also appear essential such as the pyruvate carboxylase (PYC) and the pentose phosphate pathway.




3.4. Nucleotide Synthesis from Glutamine and Glucose (Figure 5)


The synthesis of nucleotides (XTP) requires glutamine, aspartate, and R5P. In the absence of ASP and R5P, glutamine has to be used to ensure these syntheses. In the solution of Figure 5a, 0.6 XTP is synthesized that necessitates 1.44 glutamine. To do so, the input of one glutamine is used with, in addition, a 0.44 cycling of glutamate/glutamine via glutamine synthase (GS1). The glutamate resulting from glutamine entry (flux = 1) is entirely transformed in PEP then R5P through gluconeogenesis and pentose phosphate pathway. This solution necessitates a slight entry of NH4+ (0.04) and is accompanied by the production of 0.98 ATP.



The synthesis of nucleotides from glucose requires R5P synthesis and the recycling of glutamine and aspartate. R5P is produced by the pentose phosphate pathway. Glutamine is recycled from glutamate (+NH4+) by glutamine synthase (GS1) and aspartate is recycled from fumarate then malate and oxaloacetate. There is the need to reoxidize glycolytic NADHc and the NADHc produced by nucleotide synthesis inducing a 0.74 flux through the malate–aspartate shuttle (see Figure 5b and Figure S5b). The yield of nucleotide synthesis with glucose is higher than with glutamine (0.86 XTP per glucose) but with a high input of NH4+ and no ATP production despite a higher activity of respiratory chain.




3.5. Fatty Acids Synthesis from Glutamine and Glucose (Figure 6)


Fatty acids (FA) synthesis is an important pathway in proliferating cells, especially for phospholipids syntheses. In the case of palmitate synthesis, 0.17 palmitate molecule can be synthesized from one molecule of glutamine and because this is rather energy consuming, no ATP molecule is synthesized (Figure 6a). The synthesis occurs through ATP citrate lyase (CL) fed by citrate synthesized in TCA cycle. The glutamine-derived AKG flux in the TCA cycle (flux = 1) is split between the reductive pathway giving directly citrate by inversion of IDH3 (flux = −0.4) and the oxidative pathway through malate and oxalacetate (flux = 0.6) and pyruvate coming from the recycling of OAAc, product of CL in the cytosol. To these fluxes is superimposed a cycle involving IDH1 and IDH3 in order to transform NADHm into NADPHc necessary for the synthesis of fatty acids (flux = 2.4 in gray in Figure 6a and Figure S6a) giving a net reductive flux of IDH3 equal to −2.8. NADPHc could have been made by the malic enzyme (ME1) in the cytosol but this occurs with a slightly lower yield (0.16 PAL per 1 glutamine). In [32], the authors showed that 60% of NADPH is synthesized from glutamine by malic enzyme and that the pyruvate produced is excreted as lactate. We do not observe a release of lactate in our models because, in the absence of glucose, there is no excess of carbon and pyruvate enters the mitochondria to replenish the TCA cycle in the classical anaplerotic way. The authors also observed a G6PDH flux (PP1) of the same order as the glutaminolysis flux, demonstrating that several sources of NADPH can be operating in vivo at the same time.



The involvement of reductive use of glutamine and participation of IDH1 in fatty acids synthesis is well recognized [14,15,33] in hypoxia and with mutations in TCA cycle or in respiratory chain [34], and appears to be linked to the AKG/citrate ratio [35]. In our model (Figure 6a), the TCA cycle can be viewed as converging to citrate synthesis by the two oxidative and reductive pathways from AKG. This dual TCA pathway used for citrate synthesis is also well documented [36,37].



With glucose as carbon substrate (Figure 6b), oxalacetate coming from ATPcitrate lyase (CL) generates malate thanks to the cytosolic malate dehydrogenase (MDH1), oxidizing the glycolytic NADHc as found in [34,38]. The cytosolic malate re-enters mitochondria through antiporters, particularly in exchange with citrate. It is an elegant way to absorb the cytosolic reductive power of glucose avoiding the operation of MAS. This pathway is often observed when NADH reoxidation is impeded (respiratory complex deficiency for instance). Like with glutamine, there is a cycle involving IDH1 and IDH3 which transforms NADHm into NADPHc (flux = 3.5 in gray in Figure 6b and Figure S6b).




3.6. Serine Synthesis from Glutamine and Glucose (Figure 7)


Serine is the major source of one-carbon units for methylation reactions via tetrahydrofolate and homocysteine. It is the precursor of glycine (see [39] for a mini-review). In his pioneering work, Snell demonstrated the importance of serine biosynthesis in rat carcinoma [40]. More recently several authors emphasized the role of serine in breast cancers and in melanoma cells [41,42,43].



We have already studied the different yield in serine synthesis on different substrates with our core model [44]. The synthesis of serine from glutamine is represented in Figure 7a. It involves the synthesis of PEP as in pyruvate synthesis, but here PEP is used to make 3PG, a serine precursor. The glutamate used in the transamination reaction is recycled from the AKG produced and the NADH produced by the 3-phosphoglycerate dehydrogenase reaction is reoxidized with MDH1. In addition, 9.3 ATP can be synthesized. With glucose as a carbon substrate, 3PG is synthesized directly from glucose via glycolysis (Figure 7b). However, the work of Hanson in rats demonstrates that “pyruvate entry into the gluconeogeneic pathway is the major route for serine biosynthesis” [39,45]. It is difficult to obtain this pathway from glucose in C2M2N. This could indicate that in the case of this work, serine is mainly synthesized from other sources than glucose (glutamine or other amino acids, for instance). The yield of serine synthesis with glucose as a carbon substrate can reach 2 molecules of serine per molecule of glucose with 4.4 ATP molecules produced. 4 NADHc are generated which requires a flux of 4 in the MAS (Figure 7b).




3.7. Comparison of C2M2N with MitoCore


Similar FBA simulations have been performed with MitoCore which is a more detailed model of metabolism. The results are nearly identical and are presented in Table 1. Note that the synthesis of nucleotides is not included in MitoCore, so it is not possible to compare XTP synthesis in both models. The SBML file of the version of MitoCore used in this paper (with only input of glutamine or glucose) can be found in the Supplementary Materials.




3.8. Distribution between Glutamine and Glucose for the Biomass of Proliferating Cell: The Nitrogen Metabolism


Proliferating cells (cancer or immune cells) necessitate the input of NH3 group for the synthesis of amino acids, nucleic acids, and polyamines. It is widely accepted that glutamine is the main donor of nitrogen for proliferating cell with a central role of glutamate. We have shown above that glutamine as well as glucose can allow the synthesis of most of the essential metabolites which constitute the biomass of proliferating cells and supply cell energy (ATP) [26]. In the tumor and immune cells microenvironment, glutamine and glucose are simultaneously present and the question arises about how they divide the task of feeding biomass. To answer this question, we used the biomass as the specific objective function of proliferating cells. We let free the uptake of glucose and glutamine, only dictated by the optimization procedure of the biomass, but with an arbitrary limit of 1, to avoid unlimited amount of biomass. We obtained a metabolic pattern (Figure 8a and Figure S8a) in which the cell incorporated a large amount of glutamine not only for NH4+ feeding, but also in part for carbon supply and around 80% of ATP to sustain biomass formation as noticed in [26] (See the ATPc and NADHm balance in Figure S8a). This occurs with a large output of ammonia close to the input of glutamine which is larger than the need in NH3 for the biomass as already noted [14,32,46]. Although ammonia is toxic for the cell, it has been demonstrated that cancer cells accumulate ammonia in their microenvironment at rather high concentration [47,48]. In [47], the authors show that, actually, cancer cells released ammonia when ammonia concentration in their microenvironment is low and uptook ammonia for higher ammonia concentrations with a threshold of around 1 mM. Figure 8a corresponds to low ammonia concentration in the microenvironment. An easy way to simulate the high concentration in the microenvironment associated with an ammonia input is to prevent ammonia output from the cells. In these conditions, the uptake of glucose and glutamine to generate one unit of biomass are similar (0.762 and 0.883) (Figure 8b and Figure S8b). In this simulation 100% of ATP derives from glucose as calculated from the origin (glucose or glutamine) of NADHm (see Figure S8b). AKGm derives entirely from glutamate by transamination (GOT2). The main salient point of this solution is the recycling of NH4+ released by glutaminase and incorporated in part of the AKGm, mainly by the reversion of glutamate dehydrogenase, as shown experimentally by Spinelli et al. (see Figure 1F in [47]), and also to a lower extent by carbamyl-phosphate synthesis (CPS1_OTC). No output of NH4+ is observed. Another advantage of NH4+ incorporation by glutamate dehydrogenase is the reoxidation of part of NADHm so that the glutamine per se does not contribute to the mitochondrial redox load (see the NADHm balance due to glucose or glutamine in Figure S8b).



Glutamine limitation suppresses cancer cell proliferation which can be overcome by supplementing cells with ammonia [46,47]. It is easy to simulate this situation by suppressing the entry of glutamine inside the cells (Figure 8c and Figure S8c). In these conditions the optimization of the biomass objective function relies on a massive entry of ammonia and glucose which is now the sole source of carbon and energy. As proposed in [49], this situation can occur when ammonia released locally by the catabolism of glutamine diffuses in the microenvironment to cells, for which the glutamine concentration in the microenvironment is lower.



If, using FVA, we look at essential reactions (those which are strictly positive or strictly negative and whose inhibition is susceptible to inhibit biomass formation) we obtain the reactions allowing biomass synthesis, i.e., CL, NUC, PL1, SERSYNT, ASS1_ASL_FH, and T12 which represent more reactions due to the fact that most of these reactions stand for several consecutive reactions. All of which are therapeutically targeted in cancer [50]. Curiously, GLS1 and GLUD1, the first steps in glutaminolysis, do not pertain to this set of reactions, indicating that other solutions which do not use these reactions exist.



If we put GLS1 to zero we obtain a solution in which NH4+ is incorporated from the microenvironment instead of glutamine by the reversion of Glud1 (similarly to Figure 8c and Figure S8c). If, in addition to GLS1 inhibition, we add the inhibition of Glud1, we still have the normal biomass production of 1 with all glutamine metabolized in glutamate by the nucleotide synthesis NUC with excretion of nucleotides. In these conditions, it could be therapeutically pertinent to inhibit, simultaneously, nucleotide synthesis and glutamate dehydrogenase Glud1.




3.9. Rewiring Urea Cycle Metabolism.


Urea cycle is another way to get rid of ammonia and to insure particular syntheses. The complete urea cycle takes place in the liver. However, some urea cycle enzymes are expressed in different tissues, particularly in proliferating cells, in order to provide cells with arginine, ornithine, citrulline, and polyamines. Overexpression of arginase 1 has been described in different types of tumors [51,52]. As pointed out in [53], by deprivation, “arginine becomes an essential amino acid generating a vulnerability that is utilized to treat cancer using arginine-deprivation agents”.



We can show (Figure 9) that increasing the arginase activity while limiting the input of glutamine at the initial level induces a decrease in the biomass by diminishing the availability of arginine. However, glutamine can overcome arginine deficiency by a net arginine synthesis from glutamate conferring resistance to arginine deprivation with “higher glutamate dehydrogenase and glutaminase expression and preferential vulnerability to glutamine inhibitors” [54].




3.10. Quantitative Aspects of the Warburg Eeffect


The Warburg effect or aerobic glycolysis is a salient feature of most cancer cells. It is characterized by an increase in glucose uptake and lactate release in the presence of oxygen. To simulate an increase in cell proliferation, we started from the situation of Figure 8a, i.e., a maximum of biomass equal to 1 with free availability of glucose and glutamine and we supposed that this situation corresponds to the maximum capacity of the respiratory chain (ETC flux = 2.374). Then, we simulated an increase of biomass. The solution obtained is represented in Figure 10a. When biomass increased from 1, a massive glucose input was observed that supplements the extra need for ATP. It was accompanied by a massive release of lactate to reoxidize glycolytic NADH, a task that can no longer be provided by the respiratory chain. We also observed an increase of glutamine uptake (accompanied by an increase in NH4+ release) necessary for the biomass increase because the additional glucose carbons were lost with lactate excretion.



We can take this problem the opposite way (Figure 10b), still asking for a biomass equal to one but inhibiting the respiratory rate from its normal value, 2.374, which simulates hypoxia. As in Figure 10a, an increase in glucose uptake was observed that compensates the decrease in respiratory rate accompanied by a greater increase in lactate release but a slight decrease in glutamine.



As noticed in [29,55], the Warburg effect appears as a respiratory chain inadequacy (not necessary a decrease) in proliferating conditions leading to an increase of glycolytic flux to provide the requisite extra amount of ATP and, consequently, an increase in lactate output to reoxidize the extra amount of NADHc. Dai et al. [55] also emphasize the “redox balancing in leading to the Warburg effect and its correlation to proliferation rate”.





4. Conclusions


We developed a core metabolic model of central carbon and nitrogen metabolism, C2M2N, with a limited number of reactions (77) and of metabolites (54 internal metabolites) to explore the potential of glutamine to supplant glucose in metabolic syntheses, energy and biomass production. A salient feature of this model is that it takes into account the actual stoichiometries of the reactions particularly the stoichiometries of cofactors, even for concatenated reactions. A second characteristic of this model is to consider mitochondria as an isolated compartment with the relevant transporters. This led us to the third characteristic, to develop a relevant model of oxidative phosphorylation taking into account the mitochondrial ΔµH+ in the form of pseudosubstrates DPH and DPSI as was already done in MitoCore [11] and in [2]. The last characteristic of C2M2N is that it takes into account nitrogen metabolism in addition to carbon metabolism. This led us to an easily tractable model that can produce rigorous quantitative simulations and testable predictions taking into account the constraints due to the regeneration of cofactors and a compromise between metabolite synthesis and energy production. Note that the model is not fixed; reactions can be added or cancelled to answer specific questions, for instance, introduction of DH reaction to simulate dehydrogenase activities that are able to regenerate NADc [29] in the synthesis of aspartate (Figure 4c,d).



The advantage of C2M2N is that, due to the low number of reactions and metabolites, the interpretation of the results is rather straightforward and can be easily represented and understood on a metabolic scheme. All the solutions maximizing an objective function (described by FVA) can be more easily explored, as done in the Supplementary Materials, in the case of pyruvate synthesis, and in Section 3.8 in the case of biomass formation. Furthermore, quantitative balance of any internal metabolites can be performed as in Section 3.8 for biomass production. Furthermore, when glutamine and glucose are used together, it is possible to distinguish which one contributes to any particular synthesis (see balance of NADHm due to glucose or glutamine in Figure S8a,b for instance). Such a study makes it possible to identify the metabolic pathways at work for the synthesis of a given metabolite. Whenever possible, they are represented in our figures with different colors (green for glutamine and blue for glucose).



With C2M2N, we demonstrated that glutamine is a precursor as good as glucose for the syntheses of the main metabolites necessary for cell proliferation and energy production and we were able to give the quantitative yield in these productions (Table 1). The same yields were obtained with MitoCore that constitutes a cross validation of both models. Taking into account cofactors made it possible to emphasize the role of the malate–aspartate shuttle (MAS) in glucose metabolism by making it a controlling (limiting) step in the use of glucose for metabolic syntheses and energy production, reorienting, when necessary, glycolysis towards lactate production (either the Crabtree effect, Warburg effect, or both). This was also well exemplified by the “gas pedal” mechanism where Ca2+ activates the glutamate/aspartate carrier (T4) enhancing pyruvate formation and mitochondrial respiration [56]. This effect does not occur with glutamine, which can feed TCA cycle without NADHc production. More generally, our study emphasizes the role of mitochondrial transporters which are often antiporters leading to metabolites cycling (colored in gray in the figures) to output other metabolites. One can mention, for instance, glutamate cycling to remove mitochondrial aspartate or malate cycling to remove mitochondrial citrate (e.g., see Figure 6a,b, Figure S6a,b), and also the well-known malate–aspartate shuttle. These cycles could be controlling steps in metabolic network and thus good targets for therapeutic drugs.



C2M2N takes into account the constraints introduced by the nitrogen metabolism which appear in the simultaneous presence of glucose and glutamine for biomass synthesis (Section 3.8). We quantitatively evidenced the role of ammonia in the microenvironment and its possible recycling inside the same cell or between cells of the same tumor as recently demonstrated [47]. We also showed the role of glutamine in complementing arginine deprivation as evidenced in [54], for instance.



In line with [55], we used C2M2N as a quantitative model to study the impact of a given amount of respiratory chain complexes on the relative uptake of glucose and glutamine and the release of lactate known as the Warburg effect. The Warburg effect clearly appears in our model as a way to resolve the tensions arising from an increased demand in ATP and the necessary reoxidation of the reducing power of proliferating cells. C2M2N allowed us to depict the causal link leading to the Warburg effect, i.e., when the activity of respiratory chain cannot be increased upon an increase in biomass production rate, the oxidative phosphorylation limits both the NADHm reoxidation and the percentage of mitochondrial ATP production. The only way to supply the extra demand in ATP is through glycolysis with an increased uptake of glucose but also an increased production of NADHc, which cannot be reoxidized by the respiratory chain. NADHc is thus reoxidized due to LDH with the release of lactate that dissipates the extra glucose carbons. Others sources of carbons, among which glutamine uptake, are thus necessary to sustain an increase in biomass production rate. In parallel, glutamine acts as an NH3 group donor but can also modulate the cell redox state through a balance between its oxidative or reducing catabolism. Of importance is the possible trend of glutamine to answer the increase in reducing power in making NADPH mainly through IDH1 or ME1; NADPH can be then reoxidized in fatty acids and glutathione syntheses.



C2M2N allowed us to look for the steps whose inhibition could decrease biomass production and, thus, cell proliferation. In our model, the inhibition of any pathway leading to a biomass component will inhibit cell proliferation. This is a good indication of the main targets for anticancer drugs which has to be nevertheless considered with caution because several other minor pathways may exist which are not considered in C2M2N but can be overexpressed in pathological cells. However, it appears in our model that the inhibition of the first steps of glutaminolysis, GLS1 and Glud1 (see Section 3.8), are not sufficient to inhibit biomass formation. Several steps of inhibitions are necessary for this aim. This point would be more evident on genome-scale models showing that C2M2N utilization does not exempt from the consideration of larger models. Nevertheless, C2M2N can constitute a first step to analyze experimental results with the quantitative constraints restricting the study to the possible relevant solutions. It can also be a first step in analyzing the solutions of genome-scale metabolic models by the recognition of common solutions and the reasons of non-common ones. Passing through a midsize metabolic model, such as MitoCore, can be an additional option with an increase by an order of magnitude in the number of reactions (77 reactions for C2M2N, 407 for MitoCore, and around 7440 for Recon 2 [4]).



A drawback of genome-scale models, and of large models in general (more than several hundreds of reactions), is that flux balance analysis is the only possible approach. The number of elementary flux modes (EFMs) is usually out of calculation, and taking into account the rate equations in differential equations, reflecting the change in the concentration of metabolites, faces a number of difficulties (their number, the knowledge of all kinetic constants, etc.). Similarly, metabolic control analysis (MCA) which can give an idea of pertinent therapeutic targets is unrealizable. These tasks are possible and easy with smaller metabolic models restricted to well-known reactions. The interest of having different approaches to explore a metabolic network is to be able to choose the most appropriate method for each particular biological question and, more generally, to confront the solutions given by the different theoretical approaches.



We think that C2M2N is a good compromise between a comprehensive compilation of all the metabolic steps and a much lower number of the most important reactions of central carbon and nitrogen metabolism that can give a realistic and quantitative representation of metabolism in many physiological or pathological conditions.
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Abbreviations




	ACS
	Acetyl-CoA Synthase.



	AGC
	aspartate-glutamate carrier (see T4 in Appendix A)



	AKG
	α-ketoglutarate or 2-oxoglutarate



	ANT
	ADP/ATP exchanger.



	ARGASE
	arginase



	ASS1_ASL_FH
	argininosuccinate synthase + argininosuccinate lyase + fumarate hydratase



	ASYNT
	ATP Synthase.



	ASPUP
	Uptake of aspartate.



	ATPASE
	ATP usage.



	BM
	0.18 SERc + 0.11 Palmitate_c + 0.04 XTPc + 0.19 GLNc + 0.17 GLUTc + 0.7 ASPc + 0.05 ARGc + 0.12 PYRc + 4 ATPc => 1 Biomass + 4 ADPc + 4 Pic.



	CL (ACL)
	(ATP) Citrate Lyase.



	CPS1_OTC
	carbamoyl phosphate synthase 1 + Ornithine transcarbamylase



	CS
	Citrate Synthase.



	DPH
	pH difference between inside and outside mitochondria.



	DPSI
	mitochondrial membrane potential.



	ENOMUT
	Enolase + Phosphoglycerate Mutase.



	ETC
	Electron Transport Chain or Respiratory Chain



	FBA
	Flux Balance Analysis.



	FVA
	Flux Variability Analysis.



	G1
	hexokinase + phosphoglucose isomerase.



	G2
	phosphofructokinase + aldolase + triose-phosphate isomerase.



	G3
	Glyceraldehyde-3P Dehydrogenase + phosphoglycerate kinase.



	GG3
	triose phosphate isomerase + aldolase + fructose -1,6-biphosphatase.



	GG4
	phosphogluco isomerase + glucose-6-phosphatase.



	GLS1
	Glutaminase.



	GLNUP
	Uptake of Glutamine.



	GLUCUP
	Uptake of glucose.



	GLUD1
	Glutamate Dehydrogenase.



	GOT
	Glutamate Oxaloacetate Transaminase.



	IDH
	Aconitase + Isocitrate dehydrogenase.



	L
	Proton leak of the mitochondrial membrane.



	LACIO
	Input/Output of lactate.



	LDH
	Lactate Dehydrogenase.



	MAS
	Malate/Aspartate Shuttle.



	ME
	Malic Enzyme.



	MDH
	Malate Dehydrogenase



	NAGS_ACY
	N-acetylglutamate synthase + Amino Acylase (ornithine synthesis from glutamate).



	NIG
	for nigericine, exchange of DPH and DPSI.



	NOS
	NO synthase.



	NUC
	Nucleotide (XTP) Synthesis.



	OGC
	Oxoglutarate carrier (see T2 in Appendix A).



	ORNT1
	Ornithine/Citrulline + H+ exchanger.



	ORNT2
	Ornithine/H+ exchanger.



	PDH
	Pyruvate Dehydrogenase.



	PEPCK
	PhosphoEnolPyruvate Carboxy Kinase.



	PK
	Pyruvate Kinase.



	PL1
	Synthesis of PhosphoLipids.



	PP1
	Oxidative part of PPP.



	PP2
	non-oxidative part of PPP.



	PPP
	Pentose Phosphate Pathway.



	PYC
	Pyruvate Carboxylase.



	RC1
	Complex I of Respiratory Chain.



	RC2
	succinate dehydrogenase + fumarase.



	RC34
	Complex III+IV of Respiratory Chain.



	SEROUT
	Output of serine.



	SERSYNT
	Serine Synthesis = Dehydrogenase + Transaminase and Phosphatase.



	SLP (Substrate Level Phosphorylation)
	2-oxoglutarate dehydrogenase + succinate thiokinase



	XTP
	Nucleotides








Appendix A. METATOOL ENTRY FILE OF C2M2N


-ENZREV



ANT ASS1_ASL_FH ASYNT ENOMUT G3 GLUD1 GOT1 GOT2 IDH1 IDH2 IDH3 LACIO LDH MDH1 MDH2 ME1 ME2 NIG NNT ORNT1 ORNT2 PP2 RC1 RC2 T1 T2 T3 T5 T7 T8 T9 T12 T14 T15 T16 T17 T20



-ENZIRREV



ACS ARGASE ASPUP ATPASE BM CL CPS1_OTC CS G1 G2 GG3 GG4 GLNUP GLS1 GLUCUP GS1 L NAGS_ACY NOS NUC PDH PEPCK1 PEPCK2 PK PL1 PL2 PL3 PP1 PYC RC34 SEROUT SERSYNT SLP T4 T6 T11 T13 T18 T19



-METINT



3PG ACETm ACoAc ACoAm ADPc ADPm AKGc AKGm ARGc ASPc ASPm ATPc ATPm CITc CITm CITRc CITRm DPH DPSI G3P G6P GLNc GLNm GLUCc GLUTc GLUTm LACc MALc MALm NADc NADHc NADm NADHm NADPc NADPm NADPHc NADPHm OAAc OAAm ORNc ORNm NH3 Palmitate_c PEPc PEPm Pic Pim PYRc PYRm R5P SERc SUCCm UREAc XTPc



-METEXT



ARG ASP Biomass CO2 CoAc CoAm GLN GLUC GLUT HCO3 LAC NH3_out NO O PalCoAc PalCoAm Palmitate Pi PYR Q QH2 SER UREA XTP



-CAT



ACS: ACETm + 2 ATPm + CoAm = ACoAm + 2 ADPm + 2 Pim



ANT: ATPm + ADPc + DPSI = ATPc + ADPm



ARGASE: ARGc = UREAc + ORNc



ASPUP: ASP = ASPc



ASS1_ASL_FH: CITRc + ASPc + 2 ATPc = ARGc + MALc + 2 ADPc + 2 Pic



ASYNT: 3 ADPm + 3 Pim + 8 DPH + 8 DPSI = 3 ATPm



ATPASE: ATPc = ADPc + Pic



BM: 0.18 SERc + 0.11 Palmitate_c + 0.04 XTPc + 0.19 GLNc + 0.17 GLUTc + 0.7 ASPc + 0.05 ARGc + 0.12 PYRc + 4 ATPc = 1 Biomass + 4 ADPc + 4 Pic



CL: CITc + ATPc + CoAc = ACoAc + OAAc + ADPc + Pic



CPS1_OTC: NH3 + HCO3 + ORNm + 2 ATPm = CITRm + 2 ADPm + 2 Pim



CS: ACoAm + OAAm = CITm



ENOMUT: PEPc = 3PG



G1: GLUCc + ATPc = G6P + ADPc



G2: G6P + ATPc = 2 G3P + ADPc



G3: G3P + NADc + ADPc + Pic = 3PG + NADHc + ATPc



GG3: 2 G3P = G6P + Pic



GG4: G6P = GLUCc + Pic



GLNUP: GLN = GLNc



GLS1: GLNm = GLUTm + NH3



GLUCUP: GLUC = GLUCc



GLUD1: GLUTm + NADm = AKGm + NADHm + NH3



GOT1: GLUTc + OAAc = ASPc + AKGc



GOT2: GLUTm + OAAm = ASPm + AKGm



GS1: GLUTc + NH3 + ATPc = GLNc + ADPc + Pic



IDH1: CITc + NADPc = AKGc + NADPHc + CO2



IDH2: CITm + NADPm = AKGm + NADPHm + CO2



IDH3: CITm + NADm = AKGm + NADHm + CO2



L: DPSI + DPH =



LACIO: LACc = LAC



LDH: PYRc + NADHc = LACc + NADc



MDH1: MALc + NADc = OAAc + NADHc



MDH2: MALm + NADm = OAAm + NADHm



ME1: MALc + NADPc = PYRc + NADPHc + CO2



ME2: MALm + NADm = PYRm + NADHm + CO2



NAGS_ACY: 2 GLUTm + ACoAm + NADHm + 3 ATPm = ORNm + CoAm + NADm + 3 ADPm + 3 Pim + AKGm + ACETm



NIG: DPSI = 4 DPH



NNT: NADHm + NADPm + DPH + DPSI = NADm + NADPHm



NOS: ARGc + 1.5 NADPHc + 4 O = CITRc + 1.5 NADPc + NO



NUC: R5P + 2 GLNc + ASPc + 6 ATPc + 0.2 NADc + 0.2 Q = XTPc + 2 GLUTc + 6 ADPc + 6 Pic + 0.2 NADHc + 0.2 QH2



ORNT1: ORNc + CITRm = ORNm + CITRc + DPH



ORNT2: ORNc = ORNm + DPH



PDH: PYRm + NADm = ACoAm + NADHm + CO2



PEPCK1: OAAc + ATPc = PEPc + ADPc + CO2



PEPCK2: OAAm + ATPm = PEPm + ADPm + CO2



PK: PEPc + ADPc = PYRc + ATPc



PL1: 8 ACoAc + 7 ATPc + 14 NADPHc + 7 HCO3 = Palmitate_c + 7 ADPc + 7 Pic + 14 NADPc + 8 CoAc + 7 CO2



PL2: PalCoAm + 7 NADm + 7 CoAm + 7 Q = 7 NADHm + 8 ACoAm + 7 QH2



PL3: Palmitate_c + CoAc = PalCoAc



PP1: G6P + 2 NADPc = R5P + 2 NADPHc + CO2



PP2: 3 R5P = 2 G6P + G3P



PYC: PYRm + HCO3 + ATPm = OAAm + Pim + ADPm



RC1: NADHm + Q = NADm + QH2 + 4 DPH + 4 DPSI



RC2: SUCCm + Q = MALm + QH2



RC34: QH2 + O = Q + 6 DPH + 6 DPSI



SEROUT: SERc = SER



SERSYNT: 3PG + GLUTc + NADc = SERc + AKGc + NADHc + Pic



SLP: AKGm + NADm + Pim + ADPm = SUCCm + NADHm + CO2 + ATPm



T1: CITm + MALc = CITc + MALm + DPH



T2: AKGc + MALm = AKGm + MALc



T3: MALm + Pic = MALc + Pim



T4: GLUTc + ASPm + DPH + DPSI = GLUTm + ASPc



T5: Pic + DPH = Pim



T6: PYRc + DPH = PYRm



T7: PEPm + CITc + DPH + DPSI = PEPc + CITm



T8: GLNc = GLNm



T9: GLUTc + DPH = GLUTm



T11: PalCoAc = PalCoAm



T12: Pi = Pic



T13: XTPc = XTP



T14: ASPc = ASP



T15: GLUTc = GLUT



T16: PYRc = PYR



T17: Palmitate_c = Palmitate



T18: ARGc = ARG



T19: UREAc = UREA



T20: NH3_out = NH3
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Figure 1. The central carbon metabolic with nitrogen model (C2M2N). Possible entries and outputs are indicated by red arrows. The corresponding metabolites are in red. The abbreviated names of the reactions are indicated in red italic along the arrows of the reactions. The mitochondrion is in blue and the malate–aspartate shuttle in light brown. Dotted lines link identical metabolites duplicated for the sake of presentation. 
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Figure 2. A simplified representation of ATP synthesis from glutamine (a) and glucose (b). Note that in (b), for the sake of simplicity, the representation of MAS has been separated from the TCA cycle although they share the MDH2 activity with a net flux of 4, 2 for MAS and 2 for the TCA cycle. The complete figures of the fluxes are in Figure S2. 
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Figure 3. A simplified representation of pyruvate synthesis from glutamine (a) and glucose (b). Note that in (b), the glycolytic flux and the MAS flux are linked by NAD/NADH cycling. The complete figures of the fluxes are in Figure S3. 
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Figure 4. A simplified representation of aspartate synthesis from glutamine (a) and glucose (b). Note that in (b), the flux through T4 and GOT 2 can be split in a malate–aspartate shuttle (MAS) with a flux of 2 and in a 1.85 flux through T4 corresponding to aspartate output, i.e., T4 net flux is 3.85. See the complete representation of the glutamine- and glucose-derived aspartate in Figure S4a,b. (c): ETC inhibition (RC34 is inhibited) of aspartate synthesis from glutamine in the absence or presence of the dehydrogenase DH which reoxidizes NADHc. (d) ETC inhibition (RC34 is inhibited) of aspartate synthesis from glucose in the absence or presence of the dehydrogenase DH which reoxidizes NADHc. The ETC inhibition leads to lactate release, or pyruvate release in the presence of DH. 
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Figure 5. A simplified representation of nucleotides synthesis from glutamine (a) and glucose (b). Note that in (b), the flux through T4 and GOT 2 can be split, in the malate–aspartate shuttle (MAS) with a flux of 0.74 and in a 0.86 flux corresponding to aspartate recycling. The complete model is in Figure S5a,b in the Supplementary Materials. 
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Figure 6. A simplified representation of palmitate synthesis from glutamine (a) and glucose (b). In gray, cycling of citrate accompanying the conversion of NADHm in NADPHc needed for palmitate synthesis. The complete model is in Figure S6a,b in the Supplementary Materials. 
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Figure 7. A simplified representation of serine synthesis from glutamine (a) and glucose (b). In light gray, is the recycling of glutamate for serine synthesis. The complete model is in Figure S7 in the Supplementary Materials. 
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Figure 8. The interplay between glutamine, ammonia, and glucose to sustain cell proliferation. (a) Nitrogen is incorporated as a large excess of glutamine with release of ammonia. (b) Ammonia produced by GLS1 is stoichiometrically recycled by GLUD1(glutamate dehydrogenase) in the reverse direction. In (c), nitrogen is incorporated as ammonia in glutamate by the reversion of glutamate dehydrogenase and in glutamine by glutamine synthase. A small part of NH4+ is incorporated directly by CPS1 (carbamyl phosphate synthase). The complete metabolic networks are in Figure S8a–c. 
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Figure 9. Arginine deprivation. Arginine deprivation is obtained with increased expression of Arginase in the situation of Figure 8b with the same input of glutamine (0.883). An increase in glutamine input (1.683) restores the biomass to 1. 
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Figure 10. The Warburg effect. (a) Increase in biomass at constant respiratory chain content (ensuring maximum biomass equal to 1). (b) Decrease in respiratory rate from the sufficient value (2.374) to insure ATP synthesis and NADHc reoxidation. W is an index measuring the Warburg effect defined in [55] as the ratio of lactate release over respiratory chain (RC34) activity. 
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Table 1. The maximal yield in metabolites synthesis or energy (ATP) from glutamine and glucose at steady state. The first value is obtained with C2M2N and the second with MitoCore.
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Objective Function

	
1 × GLN

	
1 × GLUC




	
Metabolite

	
ATP

	
Metabolite

	
ATP






	
ATPASE

	
-

	
23.8/24.0

	
-

	
33.34/33.04




	
Glutamate (T15)

	
1/1

	
0/0

	
1

	
8.9/8.5




	
Pyruvate (T16)

	
1/1

	
10.6/10.9

	
2/2

	
6.9/6.85




	
Aspartate (T14)

	
1/1

	
7.6/7.7

	
1.85/1.82

	
2/2




	
XTP (T13)

	
0.6/-

	
1/-

	
0.86/-

	
0/-




	
Palmitate (T17)

	
0.17/0.17

	
0/0

	
0.25/0.24

	
0/0




	
Serine (SEROUT)

	
1/1

	
9.3/9.1

	
2/2

	
4.4/3.8
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